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ABSTRACT
An investigation has been made of radiation damage in alkali 
halide crystals induced by heavy bombardment of 1 MeV helium ions. The 
channeling technique has been employed and three processes have been 
monitored simultaneously to explain the apparent reduction of damage at 
high doses, and to attempt to relate dechanneling processes to the types 
of defects that are created.
A discussion of the basic channeling parameters is given, 
followed by a description of the common defects known to exist in alkali 
halides. An outline of the Pooley mechanism for the creation of 
F-centres, and the subsequent fate of these and their complementary 
interstitial defects, is presented.
The experimental apparatus designed for the study of the 
emission of particles and photons, resulting from the bombardment is 
described together with the computerized data collection equipment. The 
importance of adequate monitoring techniques for the detection and 
recording systems is stressed„
The yields of back-scattered particles and X-rays showed
anomalies when the crystals had been exposed to large doses of charged
particles. The back-scattered yield from a channeled beam increased
15 — 2fairly rapidly up to a dose of 5 x 10 particles cm , and then 
decreased gradually, and for doses in excess of 2 x 10 particles cm 
rose again in a series of jumps0 The X-ray emission followed a similar 
pattern, but was erratic during the decrease in the back-scattered yield. 
The production of F-centres was very rapid at the beginning, showed 
little change from 1014 to 1016 particles cm-2, then increased slowly.
These effects have been studied for several alkali halides, 
three temperatures and different dose-rates.
It has been shown that the initial rise and fall of the back- 
scattered yield can be related to known characteristics of defects in
xiii
alkali halides. It was concluded that application of the channeling 
principle in the manner of this study was not very suitable for 
identifying the type of damage or making quantitative estimates of 
defect densities and dechanneling efficiencies.
CHAPTER 1
INTRODUCTION
Many physical properties of crystalline solids are determined 
by the displacement or absence of a few atoms from their lattice sites 
rather than by the collective symmetry; colours and hardness of 
crystals may be governed by the presence, or the absence, of single 
atoms or groups of atoms from their regular positions. This became 
apparent some fifty years ago and since then much research effort has 
been directed towards the investigation and understanding of the types 
of defects that exist in solids and what role they play. Since the type 
of defect and its concentration influences many physical properties of 
the solid, any process, such as irradiation with energetic particles, 
that changes the density of defects may change these properties. The 
study of defects in ionic solids is of particular interest since the 
ionic bond closely resembles the bond found in ceramics and insulators. 
It is therefore of technological interest to understand the radiation 
damage process since these materials are widely used in high radiation 
environments.
Bombardment by a beam of particles gives a controlled means of 
introducing and changing the defects in a solid.
Prior to 1960, investigations concerning particles traversing 
matter considered non-crystalline media almost exclusively, even though 
Stark had proposed in 1912 [St 12], by analogy with X-ray diffraction, 
that the crystalline structure might have considerable influence on the 
passage of massive particles. That most materials used in radiation 
surroundings were amorphous probably prompted this restriction.
Moreover, in the case of crystals the consensus seemed to be that the 
chemical bonds of a few eV could hardly perturb the highly energetic 
interactions that took place between the penetrating particles and the 
individual atoms or nuclei of the solid.
2The concept of orientational dependency of physical processes 
was invoked in 1960 when Treacy [Tr 60] attempted to study the 12C(d,p) 
lifetime by means of "blocking" in a hexacosane crystal. That he did 
not observe an orientational effect may have been due to the rapid onset 
of ion-induced damage, an effect which is now known to be enhanced in 
organic crystals. The first experimental deviations from theoretical 
predictions were observed in range measurements of heavy ions in 
polycrystalline targets [Da 60]. The range distribution was found to be 
orientation dependent. The measurements indicated that some ions 
impinging on the medium, within a small angular range about a low 
crystallographic index direction, could penetrate much further into the 
crystal than was anticipated from the usual distribution of range 
straggling. Robinson and Oen [Ro 63] performed computer simulations 
which showed that particles traversing a crystal at small angles to the 
atomic rows could be gently steered by the lattice atoms so that their 
trajectories became restricted to certain directions. This small angle 
steering effect has been named channeling.
The channeling process inhibits close encounters between the 
particles and the inner regions of the atoms of the medium, thereby 
introducing anisotropies in the yields of such processes as scattering 
and X-ray production. This is clearly illustrated in a Rutherford back- 
scattering experiment. Consider a beam of particles impinging on a 
single crystal target with an angle of incidence, ip, two or three 
degrees away from a major crystallographic direction. When the crystal 
is rotated through the crystallographic direction, the yield will 
decrease to a minimum corresponding to perfect alignment between beam 
and crystal and then increase again to the value it had initially. The 
shape of the yield curve has a characteristic half width, \ p ^ f and 
minimum value, Xm^n* In channeling studies the yields, X/ are 
normalized to the yield obtained when the crystal is not oriented in a 
characteristic direction, which is assumed to closely represent an 
amorphous medium. Since the channeled particles lose energy as they 
traverse the crystal, the minimum yield will depend on the depth where 
the close-encounter process occurs. Defects in the crystal will affect 
the lattice periodicity and so disturb the fraction of particles which 
remain channeled. Hence, changes in Xm  ^ can indicate varying degrees 
of damage in the crystal.
3Hollis [Ho 73a] bombarded NaCl single crystals with 1 MeV 
helium ions and studied the yield of particles scattered in a backward 
direction. He observed that Y initially increased with dose then 
decreased for doses exceeding 5 x 10 particles cm „ He suggested that 
the decrease might be associated with the formation of sodium clusters 
or platelets near the surface or to an unspecified annealing process. 
This behaviour of x ^  has been confirmed in NaCl, and has also been 
observed for LiF and KC1 [Ho 73b].
The objective of the work reported in this thesis has been to 
extend the above investigation by simultaneously monitoring back- 
scattered incident particles, X-ray production and optical absorption.
A beam of 1 MeV helium ions, similar to that used by Hollis et al., 
bombarded NaCl targets. In addition, some studies were undertaken using 
other alkali halides to elucidate specific features. The reason for 
including X-ray observations was to see whether the ratio of intensities 
of Na X-rays to Cl X-rays varied with dose. If the decrease in Xm^n was 
due to an annealing process in which the amount of damage was reduced, 
then one might expect that the density of point defects would also 
reduce; observations of optical density were made in the absorption 
band corresponding to a selected point defect, namely the F-centre.
In the last decade the channeling effect has been studied 
extensively, both theoretically and experimentally, and has been used as 
a tool in investigations such as atom location [e.g. Al 71], compound 
nuclear lifetimes [e.g. Gi 73a], and radiation damage studies [e.g.
B0 68]. Since review articles [Ge 74, Gi 73b], a book [Mo 74a] and 
several conference proceedings [ACPIS 65, 67, 69, 71] have been 
published about the topic, only aspects directly concerning this work 
will be discussed. The theoretical background for the three processes 
is collated in Chapter 2.
The channeling effect has been investigated in alkali halide 
crystals, although they are known to damage rapidly, to see if the ionic 
bond had any influence on the half width and minimum yield. Individual 
studies of F-centres and other defects introduced by electromagnetic 
irradiation have been carried out using other techniques such as optical 
absorption and electron microscopy. However, experiments involving the 
simultaneous study of F-centre creation and X-ray production in
conjunction with channeling have not previously been carried out. Some 
of the results and conclusions from the earlier observations will be 
discussed in Chapter 3.
The most important requirements for channeling experiments 
are: the divergence of the beam must be much less than the angular
width of the dip, the target must be able to be aligned
reproducibly, and a clean vacuum system is necessary to inhibit 
deposition of contaminants on the crystal,, Several pieces of equipment, 
used in conjunction with a 3-axis goniometer, X-ray detector and two 
optical monochromators, were designed and constructed to meet these 
requirements. A complete beamline, target chamber, beam-monitoring 
system, target stage and optical system which were needed for the 
investigations will be described in Chapter 4. This chapter also 
contains the description of an online computer-controlled data 
collection program which recorded a synchronized sequence of 
simultaneous observations of back-scattered particles, generated X-rays 
and the optical absorption of the crystal.
Chapter 5 describes the experimental results and how relevant 
parameters were extracted from the recorded data. In Chapter 6 the 
results that were obtained will be presented and compared to the earlier 
investigations discussed in Chapter 3. A mechanism is proposed to 
explain the anomalous back-scattering yield at high doses, and it 
appears to be consistent with the F-centre creation and X-ray 
observations.
Chapter 7 gives a conclusion to this work pointing out the 
limitation of the experimental investigations and proposes possible 
modifications to the technique.
5CHAPTER 2
THEORETICAL BACKGROUND
When a beam of charged particles traverses a solid medium, 
dissipation of the projectile energy initiates a great variety of 
physical phenomena. In this chapter, phenomena will be selected for 
discussion under three headings0 These are the energy-loss processes 
leading to externally observable particles and radiations, the 
parameters associated with particles moving through a crystal, and some 
characteristics of non-perfect crystals.
The energy transferred from an incident particle gives rise to 
ionization, excitation and displacement of atoms of the medium being 
traversed. In amorphous media, atom displacement is unimportant, and 
average values for the rate of energy-loss and its energy dependence 
enable one to estimate the depth at which a particle suffered 
Rutherford-scattering or to deduce the distribution with depth of X-ray 
production. In crystals, particularly polyatomic ones, the channeling 
effect influences the energy-loss processes, and is itself affected by 
the consequences of those processes.
2 o1 PARTICLE-SOLID INTERACTIONS
In the discussions by Bohr [Bo 48] of the penetration of 
atomic particles through matter, it is indicated that collisions between 
the particles and the atomic systems of the medium present a complicated 
many-body problem. However, owing to the large mass difference between 
nuclei and electrons, a distinction can be made between electronic and 
nuclear collisions, the former being dominant at high energies and the 
latter at very low energies. In ion-electron collisions, which result 
in excitation or ionization of the atoms, the projectile loses only 
small amounts of energy and undergoes very small changes in direction^. 
Elastic nuclear scattering can result in large directional changes, but
6since the relative number of these events is usually negligible the 
particle trajectories are predominantly linear„ For any particular 
projectile-target combination, it has been found useful to characterize 
the slowing down processes by two quantities0 The specific energy-loss 
is the energy lost per unit pathlength, also termed the absolute 
stopping power. The specific ionization is defined as the number of 
ion-pairs produced per unit pathlength. The relationship between the 
specific ionization and the residual range is similar for all materials, 
and has been named the Bragg curve. From a Bragg curve, such as that 
shown in Figure 2.1, it is seen that the particles ionize more heavily 
near the end of their range.
I o -
Proton
RESIDUAL RANGE ( a -  particle ) (cm air)
Figure 2d: Bragg curves for protons and alpha-particles in air show
the relationship between the specific ionization, I(r), and the 
residual range [Bu 63].
2.1.1 Stopping Power and Range
In deriving a theoretical description of the Bragg curve, 
three velocity regions can be recognized: a high-velocity region where
7the particle velocity is much greater than its K-shell electron 
velocity, an intermediate range where these velocities are of the same 
magnitude, and a low-velocity region where the projectile is much 
smaller than its K-shell electron velocity. The Bohr orbital velocity 
for a K-shell electron of a helium ion is 4.4 * 108 cm sec 1; a helium 
ion of this velocity has a kinetic energy of 400 keV.
In the high-velocity region there is a high probability that 
the particle will be fully stripped of its electrons, and the specific 
energy-loss can be evaluated from the Bethe-Bloch relationship [Be 30, 
Bl 33], which, despite the omission of any nuclear contribution, gives 
reasonable agreement with experiment. At present no basic theoretical 
formalism is available for the intermediate velocity region, although 
corrections to the Bethe-Bloch formalism have improved agreement with 
experiment.
For the low-velocity region, where the ions retain most of 
their electrons, several investigators have been able to deduce formulae 
for both the electronic and nuclear parts of the stopping power to 
obtain good agreement with experimental observations. Lindhard and 
coworkers [Li 61, Li 63] assumed that electronic stopping was a 
continuous process, approximated the medium by a degenerate electron 
gas, and used the Thomas-Fermi interatomic potential to find the 
electronic stopping power. In terms of reduced energy and range 
parameters
and
aEM2
ZjZ£e^(Mj + M2)
4TTa2R 0NM1M 2 
(Mi + M2)2
(2.1)
(2.2)
the stopping power has the form
IdpJ >2
where
and
electronic 
0.8853 a „ 2/3 „ 2/3Z 1 + Z 2
-h
0.0793 Zi1/2Z21/2(Ai + A2)3/2
e 'Zl2/3 + z22/3)3/4 a,3/V /2 ' s z
1/6
(2.3)
(2.4)
(2.5)
Zj, Z2, M x, M2 , A 1 and A2 are the charges, masses and mass numbers of
8the projectile and target respectively, N is the number of atoms per 
unit volume, a 0 is the Bohr radius, e is the electronic charge, and E 
and R0 are the energy and range of the particle* The stopping power, 
eq* (2.3), is proportional to the velocity of the projectile*
To evaluate the nuclear stopping power, Lindhard et alo 
[Li 68] employed a classical approach to the problem of scattering by a 
screened potentiale They derived the expression
where
de'
r d p. nuclear J
£ 2^ f (t2) (2*6)
.2 T
and f(t ) was a universal scaling function dependent on the interatomic 
potential. T is the energy which can be transferred in a nuclear 
collision, and has the maximum value
Tm
4M,M2 
(Mx + M2)2 (2*7)
The nuclear stopping power does not have any simple energy dependence,
hbut the function f(t ) gives a smooth transition between the forms for
—k k 0.35Rutherford scattering at high energies, 0.5 t , and 1.43 (t ) for
very low energies*
The stopping power formulae for monatomic media can be 
generalized to polyatomic solids by averaging the contributions from the 
different types of atom* The energy loss of a particle in a compound 
can be expressed as
dE
dx>compound
1 n —  2 M . . c 1=1 i|dx
(2 ,8 )
where is the atomic weight of the ith element with stopping power
(dE/dx) ., and M is the compound molecular weight, l c
92.1.2 Depth Determination
An incident particle that suffers an angular deflection 0 when 
colliding elastically with an atom in the solid, will have a residual 
energy equal to a fraction, k(0), of its initial energy given by
k(0) Mi cos 0 + (M2 ~ Mi sin20) M i + M 2 (2.9)
From a measurement of the energy Ej of a particle emitted from a solid 
as a consequence of a single elastic-scattering collision, together with 
a knowledge of the stopping power, an estimate of the depth, x, at which 
the collision occurred can be obtained,
x = /1+__i____.)\ 1 COS (IT - 0)J
rE' (x)
<dE/dx) 1 ( 6 )e '(x ) <dE/dx)
, (2.10)
where the symbols are defined in Figure 2 0 2,
DETECTOR
Figure 2.2: Representation of a particle elastically scattered at
depth x.
In contrast to the stopping power, which can be averaged for a 
polyatomic medium, the calculation of the depth at which an elastic­
scattering event occurred, using eqs0 (209) and (2o10), has an n-fold 
ambiguity for a medium containing n different atomic species0
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2ol.3 X-Ray Production
The energy lost by the projectile to atoms in the solid may 
appear as excitation of a bound electron, kinetic energy of an ejected 
electron, or as kinetic energy of the atom as a whole.,
Characteristic X-radiation may be emitted when an inner shell 
vacancy captures an electron. Henneberg [He 33] showed that it was 
valid to apply the Born approximation if the inner shell vacancy results 
from Coulomb interaction between the incident ion and a bound electron. 
Henneberg treated the case of K-shell ionization, and Huus et at.
[Hu 56] extended the calculations to include higher shells. Using the 
Born approximation so that the projectile could be represented by a 
plane wave, ignoring the perturbation due to the ejected electron, and 
integrating over the coordinates of the projectile, the following 
expression was evaluated for the differential cross section for the 
emission of an electron of energy [Hu 56]:
da 
dE r % 4TTZj
I^e4
ETi2
r°°
|v(q) I2 d£ (2.11)
The form factor V (q) is given by
V (q) r Y*(r) Y.(r) dr f x (2,12)
where ¥^(r) and ¥ (r) are the initial and final wavefunctions 
respectively, q is the vector change of momentum given by
q p - p' ft (2,13)
where p and p' are the momenta of the particle before and after the 
collision. From conservation of energy and momentum it was found that
ftqmi »  (Eb + E6) /Mj/2E = t /m i/2E , (2,14)
where E is the actual electron binding energy. With the conditions:B
E > T or E, > T , (2,15)B m 6 m
ici • 1Cthe form factor V(q) was evaluated by expanding e in spherical
11
harmonics leading to the following expression for the differential cross 
section from the nth shell:
21 8TTZ2e4T 4(nE') m B
5(Eb + E6)1 0
(2ol6)
where e ' is the unscreened binding energy, defined by
EB (2.17)
The total K-shell ionization cross section was obtained by integrating 
with respect to the electron kinetic energy, Eg,
2107TTt
45En
r  (Zxe 2)2 (2.18)
where E. is the ionization energy. From eq. (2.7) for T , it is seen k m
that the cross section for creating a K-shell X-ray is proportional 
to the fourth power of the incident particle energy.
In addition to characteristic X-rays there will be
bremsstrahlung from electrons associated with inner shell ionization.
Huus et at. [Hu 56] considering equations of the form (2.16) for all n
found that the differential cross section for the emission of an
electron with kinetic energy between E r and Er + 6E~ is given byo o o
10"17 Z 2
li J
(e2m c 2)2 
Z2 -g s 6e 6 (2,19)
where S is given by
n 3 (C + U ) 10 n
(2.20)
with
6
r >
k
Bf I (2,21)
and E^ is the unscreened ionization energy. Eq. (2.19) contains the 
factor Eg , hence the bremsstrahlung spectrum will be strongly weighted 
to low energies.
12
As well as electron bremsstrahlung a second continuous X-ray 
spectrum has been observed [Zu 54] and it has been associated with the 
deflection of the incident particles in the Coulomb field of target 
nuclei, and has been named projectile bremsstrahlung„ However, its
pcross section is reduced by a factor (m /M,) compared to the electrone 1
bremsstrahlung, if the velocities are equal. For 1 MeV helium ions the 
ratio is % 2 x 10 8, hence projectile bremsstrahlung can be ignored.
2.1.4 Sputtering
If an atom as a whole absorbs the dissipated energy from the 
projectile, it may acquire sufficient kinetic energy to move from its 
position and recoil through the medium. It will lose energy in a 
similar fashion to the original projectile before coming to rest at a 
new site. Near the surface the recoiling atom may escape from the solid, 
and this is called sputtering.
Most experimental sputtering investigations have concerned low 
energy heavy ions [ecg. see ACPIS 69]. For medium energy ions, a 
theoretical treatment by Goldman and Simon [Go 58] found an approximate 
expression for the sputting ratio, i.e. the number of atoms ejected per 
incident particle. For normal incidence their expression is
C zjz2 'in e'E  J ' (2 o 22)
where C is a constant.
Perovic and Cobic [Pe 62] investigated the sputtering of 
copper and silver by argon ions with energies varying from 10 - 200 keV. 
They found the values of the sputtering ratio to be about ten times 
smaller than those evaluated from expression (2022) using the 
theoretical value of C. The data of Perovic and Cobic correspond to a • 
value of C near 2 x 10 4C Applying this to the case of 1 MeV helium ions 
impinging on NaCl crystals, the sputtering ratio is estimated to be 
about 1.5X10 4 atoms per ion0 This corresponds, for a particle dose of 
10 particles cm , to the removal of one-tenth of an atomic layer, 
which is negligible compared to the total range, 5 y, for 1 MeV helium 
ions in NaCl.
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2.2 CHANNELING
When the target is a single crystal, some processes show 
striking differences from their behaviour in amorphous solids„ The 
first experimental indication of orientational dependence appeared in 
range measurements of ions in solids [Da 60], where anomalously long 
ranges for heavy ions were observed when the beam was aligned to a low 
index crystallographic orientation,. Some particles penetrated up to an 
order of magnitude further into the crystal than was anticipated. This 
effect is now known as channeling,, Although it has been advocated that 
channeling should be considered in a quantum mechanical framework [see 
e.g. Ne 71], the classical approach has been found to give agreement 
with experimental observations, such as in predicting the general shape 
of a yield "dip".
Particles impinging on a crystal with a direction close to a 
crystallographic axis have a high probability of undergoing small angle 
collisions« Sequences of small angle collisions which steer the 
particles down an axis or a plane correspond to axial and planar 
channeling respectively«
2.2.1 Critical Angle
Several classical treatments of specific aspects of channeling 
have been generalized by Lindhard [Li 65] through the introduction of 
the concept of stability of the trajectory of the channeled ion. For 
axial channeling, he made the approximation, known as the continuum 
string model, that the potential due to the row of atoms could be 
averaged along a row,
U (r) 1d
.00
V(/z2 + r2)
' —  OO
dz , (2«23)
where r is the distance from the row, z is distance parallel to the row, 
and d is the interatomic spacing in the row. Similarly, for planar 
channeling Lindhard approximated the potential due to the plane of atoms 
by averaging the individual atomic potentials over a plane« The 
potential V(R) describes the individual ion-atom interaction, which for 
most applications is approximated by
14
V (R) = z1Z2ez (2024)R
where (J>0 (R/a) is the Thomas-Fermi screening function. The condition for 
the approximation to be valid is that the change in momentum of the ion 
from a single collision be small in comparison to its total momentum, 
which means that the scattering angle be small. Since the potential 
U(r) is independent of the projectile energy and of z, and if it is 
assumed that no non-conservative forces act upon the projectile, and 
that the momentum along the z-axis is constant, then the energy of the 
motion in the transverse plane is conserved and can be expressed as:
where ip is the angle of incidence of the particle on the row„
From the limits of the motion one can deduce, from eq0 (2.25), 
a distance of closest approach to the row and a maximum angle of 
crossing the centre of the channel,
Thus one can derive a critical angle or a critical transverse energy, 
either of which may be used to indicate regions within which channeling 
can occur.
measurements, the parameter which is normally measured is the angle for 
which the yield of a close-encounter process is half the difference 
between the yield in a "random" direction and the aligned direction 
This is referred to as ip: , and Lindhard suggested that
E^ = E sin2 ip + U (r)
%  E^ 2 + U (r) , (20 25)
max (2.26)
Lindhard [Li 65], introducing an approximation to the Thomas-
Fermi potential, evaluated the critical angle for high velocity 
projectiles to be
(2.27)
In experimental investigations, such as back-scattering
C\p1 , (2 0 28)
15
where C turns out to be of the order 1-2. Several investigators have 
found that C depends on temperature and its value can be related to 
thermal vibration amplitudes [see the review Ge 74].
Barrett [Ba 71] has carried out extensive computer simulations 
of experiments, where thermal vibrations, beam divergence and other 
effects were taken into consideration. The best analytic fit to his 
results was
L
%  = k [V (nux) /E] 2 % kip1 , (2.29)
with values of the adjustable parameters k = 0.83 and n = 1.2, and they 
were found to vary slightly with changes in depth and beam divergence. 
ux is the rms displacement from the lattice position.
2.2.2 Minimum Yield
When a beam of particles impinges on a crystal aligned to a 
crystallographic direction, there will be certain regions where 
channeling will not take place. Particles entering the crystal with a 
distance less than r , ecl* (2.26), from a row of atoms will undergo 
close-encounter interactions with the atoms, thereby contributing to the 
yields of the collision processes; particles with distances larger than 
rmin have a high probability of being channeled and therefore will
not contribute to the yields. Experimentally these yields, X/ are 
normalized to those obtained when the crystal is not oriented in a 
characteristic direction, implying that X = 1 for the process if it were 
measured in an amorphous target. The yield of a process will have a 
minimum when the beam is aligned to an axis, i.e. the channeled fraction 
of the beam is a maximum.
The minimum yield / predicted by the continuum approach
when static rows are considered, is essentially the fraction of the 
geometrically determined area for which channeling is not possible.
When thermal vibrations are considered it is found that their effect can 
be included by adding a contribution to x ^  • The presence of amorphous 
layers on the surface may also add to the yield [Li 65]. In most 
experiments care is exercised when preparing single crystal targets, in 
which case the surface contribution to the yield can be neglected.
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Barrett [Ba 71], extending Lindhard's predictions to include 
beam divergence, found from his investigations that could be
expressed as follows:
^min NdTr{ 2C (A) u 2 + C' (A) a 2 } , (2.30)
where C (A) and c' (A) are functions dependent on the beam divergence A, 
and a is the Thomas-Fermi screening distance. He found for several ion- 
crystal combinations and A = 0°, that C (0) = 3.0 ± 0.2 and C' (0) = 0.2 ± 0.1, 
which indicates that thermal vibrations largely determine the minimum 
yield, Xm^n * Then, ignoring the last term, he included the projectile 
energy through eq. (2.29), and obtained
Xmin %  2C (A) NdTTu2 1 + v2.2 u- 2 ^H (2.31)
2.2.3 Flux Peaking
If one assumes that energy-losses from multiple scattering can 
be ignored, eq. (2.25) shows that particles that enter the crystal at 
the point (r0, ip0 ) will have the transverse energy
E1 = U(r0) + El^ g . (2.32)
Lindhard [Li 65], from statistical considerations, has shown that as the 
particles penetrate the crystal, they become uniformly distributed over 
an area bounded by
Ei = U(p) ,
where p can be determined from eqs. (2.32) and (2.26). If the 
distribution of E^ were known, the probability of finding an ion at any 
position in the channel could be calculated. For particles with ip = 0°, 
those which enter the crystal at large distances from the channel centre 
move within a larger area than those which enter close to the centre. 
Since the areas are concentric it can be seen that there will be a 
higher flux at the centre of the channel. This conclusion still holds 
without the normal incidence restriction, and the phenomenon is termed 
flux peaking.
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Andersen et dl. [An 71], assuming that the transverse energy 
distribution is not altered as the particles traverse the crystal, found 
for i|^ = 0° that the flux at the centre of the channel could be expressed 
as
F 1 + In [A ( u ! ) J (2.33)
where the flux before entering the crystal is unity. A 0 is the cross 
section of the channel and A(u1) is approximately equal to TTu1, since 
particles entering at the centre of the channel gain an effective 
transverse energy from thermal motions of crystal atoms.
This above expression was evaluated assuming that statistical 
equilibrium was attained after the particles have penetrated a depth of 
~  1000 Ä. Several computer simulations have not only demonstrated the 
flux peaking [Mo 74b], but have also shown that equilibrium may occur at 
even shallower depths [A1 71].
2.2.4 Polyatomic Crystals
Several investigators have extended the Lindhard treatment to 
the case of polyatomic crystals by averaging the different charges and 
spacings of atoms along the row of interest. In polyatomic crystals, 
for different orientations the rows which are considered for channeling 
may contain different proportions of the various atomic species. This 
leads to a more complicated channeling behaviour.
For diatomic crystals with the diamond structure, Picraux et 
0.1. [Pi 69] used averages for Z and d in evaluating eq. (2.27) and found 
reasonable agreement with their experimental observations for the 
heavier constituent.
In their investigations of protons channeling in BaTi03, 
Gemmell and Mikkelson [Ge 72] considered the different effects of rows 
containing barium and titanium and oxygen, barium and oxygen, titanium 
and oxygen, oxygen only and titanium only. They assumed that each type 
of row has its own critical angle, modified eq. (2.29) for ipi to include 
an appropriate average potential for the row and found reasonable
agreement with experiment. The potentials led to a classification of
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row types as "strong" or "weak". The strong rows basically determined 
the channeling, whereas the effect of the weak rows showed in the values 
of For estimating x ^ n it was found that the method averaging Z2,
d and ux was not very critical.
The specific case of channeling of protons in alkali halides 
has been theoretically considered by Nelson [Ne 66], to determine if the 
ionic bond perturbs the steering effect dramatically. He found that 
only for energies less than 10 keV, would one expect to observe an 
influence.
2.2.5 Dechanneling
In the foregoing treatments the target was assumed to be 
perfectly crystalline, and the beam was divided into two components, 
associated with channeled and random contributions. It was further 
assumed that the transverse energy of the channeled component was 
conserved. However as the particles progress through the crystal, their 
transverse energy will be modified by multiple scattering from electrons, 
nuclei, defects and impurities in the crystal,, In this way, some 
particles will achieve sufficient energy to overcome the channel 
potential barrier and transfer from the channeled component to the 
random component; this phenomena is called dechanneling and it causes 
an increase in .
In sections 2.2.1 and 2.2.2, where energy-losses from multiple 
scattering were ignored, it was indicated that ^  could be estimated 
from geometrical considerations. If no scattering of the beam took 
place then Xmj_n w°uld be independent of depth, with the value x* (0) 
estimated from the projection of the areal cross section onto the 
surface,,
However, multiple scattering processes do change the 
transverse energy, so the random fraction of the beam increases as the 
particles traverse the crystal. Hence, we may write
, , . dech, .
W x> = W 0)+Xmin (X) (2.34)
dechwhere Xm^n (x) is identified with the yield due to particles which have
19
become dechanneled up to depth x. The study of the yield of back- 
scattered particles from a thick crystal has been the major technique 
for investigating the dechanneled fraction as a function of depth. By 
analogy with the treatment of stopping power, where contributions from 
electrons and nuclei are additive, the dechanneling contributions may be 
written as
dech
^min (x)
[ dech 
[^min (x) +electronic
f dechpWn (x) Jnuclear + f dech (X) defects
(2.35)
Previous investigations have mainly concentrated on dechanneling in 
"perfect" crystals, in which the contribution from defects has been 
ignored.
One theoretical approach to describe the dechanneling process 
was proposed by Lindhard [Li 65]; he suggested that the changes in 
transverse energy could be considered by the solution to a diffusion 
equation. The diffusion coefficient is related to changes to the 
transverse energy of the channeled particles. Bjorkqvist et at.
[Bj 72] assumed that the transverse*energy increased steadily as the 
particles penetrated the crystal, and when it became greater than a 
critical cutoff value, the particles became dechanneled.
Some experimental studies of dechanneling caused by defects 
have been reported [e.g. B0 68, De 70]0 Channeled ions are sensitive to 
the position of atoms in a crystal, so it would be expected that lattice 
defects will affect the dechanneling rate by either slightly perturbing 
or drastically altering the ion trajectories. A complication in using 
back-scattering observations to probe radiation damage is the inability 
to distinguish in a simple manner between reactions involving displaced 
or undisplaced atoms with the channeled or dechanneled components of the 
beam.
The main emphasis of radiation damage investigations has been 
in connection with ion-implantation of semiconductors. In these studies 
a semiconducting material is bombarded with low-energy heavy ions 
(< 200 keV) and then the damaged region is probed with high energy light 
ions (> 500 keV H+ or He+ ions), using the back-scattering technique.
The higher energy and longer range of the light ions, and the difference
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in mass between the implanted and the host atoms, enables one to observe 
the whole of the damaged region and often determine the location of the 
introduced ions relative to the lattice. In these investigations one 
should ensure that the probing beam does not greatly change the amount 
of damage.
B0gh [B0 68] considered two mechanisms by which displaced 
atoms increase the measured yield of back-scattering0 The aligned beam 
can be back-scattered directly from displaced atoms, and, defects can 
dechannel particles which then interact with all atoms in the same way 
as a random beam does. He expressed this in the form,
y' (x) y (x) n (l -X' (x)) + X' (x) (2.36)
where y'(x) is the back-scattered yield from depth x, y^(x) is the 
normal random yield, X* (x) is the random fraction of the beam, N' (x ) the 
density of scattering centres and N is the atomic density,
Equation (2.36) can be rearranged as follows:
W x) y' (x)y (x) n 1
N ' (xT
N X' (X)
+ N '(x)
N (2.37)
To evaluate (x) an understanding of both the dechanneling process and 
the variation of stopping power is necessary; usually it is assumed 
that the stopping power is the same for both the channeling and the 
random components.
A great deal of effort has been directed towards trying to 
associate single scattering and multiple or plural scattering with the 
dechanneling process [Gr 74, Ei 74], For dechanneling due to single 
deflections through an angle greater than \p1 then, according to B0gh,
X' (x) = 1 - {1 - Xl (x) } e Y (X) (2.38)
where Xi(x) is the normalized aligned yield from an undamaged crystal, 
and
Y (x) P (\/>1 , x' ) N' (x ' ) dx' , (2.39)
in which P (ip1 , x) N' (x ) dx is the probability of a channeled particle
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being dechanneled by the displaced atoms N ' (x ) dx. B0gh estimated 
P (ip1 , x) to be
7TZ2Z2e4
P(lK , x) = --. (2.40)
E i>t2
Feldman and Rogers [Fe 70], using a similar approach to B0gh, 
estimated the part of x ' (x) due to multiple scattering as
X' (x) = Xi (x) + (l - Xi (x)) F (x) , (2.41)
where F(x) is the fraction of the aligned beam which has been scattered 
beyond i>1 at depth x. F(x) can be expressed as
F(x) (x)e 1 , (2„42)
where
(x) fz iz: Z-n (l„ 29 e)
• x
n '(x ') dx' .
o
(2.43)
From a comparison of their experimental back-scattering yields 
with the prediction for single and multiple scattering processes, they 
found that, over most of the range of defect densities, multiple 
scattering is the dominant dechanneling mechanism. However, for 
slightly damaged crystals they found that the single scattering process 
becomes more important.
The usual method of calculating damage distributions from the 
above equations is to perform an iterative calculation, using eqs. 
(2.36), (2.39) and (2038), starting at x = 0 for which
X' (0) = X x (0) , (2.44)
according to eq. (2.38)„ One may then calculate N ' (0) and use it to 
calculate X* f°r the next depth increment in the distribution, and so on.
2.3 RADIATION INDUCED DEFECTS
The interaction of charged particles with a solid is a very 
complex phenomenon and it has been found convenient to view the problem 
in two stages. The primary stage is the transfer of energy from the
incident particle to lattice atoms and the secondary stage is the 
subsequent conversion of the recoil energy.
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2.3.1 Atomic Displacement
The primary processes include excitation of electrons and the 
ionization and displacement of atoms. A high-energy particle traversing 
the medium can impart a small fraction of its energy to a lattice atom, 
and create a vacancy-interstitial pair. If the recoil energy is high 
enough, a cascade of atomic collisions may be initiated. The energy of 
the recoiling atom can vary from 0 up to T , given in eq. (2.7). Not 
all primary processes result in radiation damage.
For each particle-solid interaction there will be a minimum
recoil energy, E_, just capable of producing a displacement. According d
to Bohr [Bo 48] the differential cross section for transferring energy 
in the range T to T + dT in a Rutherford collision is given by
dCJ(T) = -j b 2 T —y- , (2.45)4 m t
where the impact parameter b is
Z 1Z2e2 (Mj + M 2)b = ---------------  .M 2E
When T is much larger than E_, integration of eq. (2.45) gives the m d
total cross section for displacement collisions:
ad
rT 7Tb2T
m dCJ(T') dT' %  — --- .„ 4E .
Ed d
(2.46)
Calculation of the mean energy transmitted to a struck atom gives
Td
1
Gd
T' 0 dT' d % (2.47)
If T^ is greater than E^ then subsequent displacements can occur. If 
the average number of subsequent displacements is V then the total 
number of displacements that take place will be
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n  ^ , = N O V  . (2.48)total d
Seitz and coworkers [Se 56] were able to deduce that
V
r
1 + In T > 2E d d (2.49)
However they did not take into account replacement collisions, and so 
eq. (2.49) is an over-estimate. Dienes and Vineyard [Di 57] considered 
the effect of replacement processes, and deduced that the ratio of 
replacement to displacement events could be expressed as follows:
Using the value of E n/Ed r
Vr 1.614
%  10 [Ki 55]
r
one obtains that
Vr
—  % 4.7 .
(2.50)
When the energy transfer becomes less than E_, the energy may bed
dissipated by thermal vibrations of the lattice. Taking this into
account [Ch 65] a still lower value for V /V^ is obtained:r d
V
This ratio may also be affected by the amount of radiation damage that 
already existed in the crystal.
Defects in crystals may be classified with respect to their 
spatial dimensions as follows:
(1) Point defects, such as vacancies or interstitial atoms,
(2) (a) Linear defects such as dislocations,
(b) Surface defects, such as grain boundaries and mosaic 
boundarieso
These defects will be discussed separately in the next two sections.
24
2.3.2 Point Defects
In an alkali halide crystal, displacement of an alkali or a 
halide ion from a lattice site creates an interstitial-vacancy pair 
which is called a Frenkel defect. The interstitial atom can be 
accommodated in the lattice in several different ways, e.g. a body- 
centred or a face-centred interstitial, or a split interstitial. Both 
vacancies and interstitials can occur in a variety of charge states, 
some of which are able to absorb photons of characteristic wavelengths.
is named an a-centre [Sc 62]. This vacancy can trap an electron and is 
then called an F-centre. The F-centre has been found to be the dominant 
absorption centre in the alkali halides; in NaCl the peak of the 
F-centre is at about 4700 Ä. This centre can be produced by various 
types of treatment, such as electrolytic colouration or irradiation.
The interpretation of the F-centre as a vacancy with a trapped electron 
has been demonstrated by several techniques, e.g. by electron spin 
resonance [Sc 62].
analogous to the Is state of a hydrogen atom, and the excited states 
correspond to 2s, 2p and higher levels. The F-centre absorption band 
corresponds to the Is - 2p transition. The potential well is defined by 
the lattice spacing, and therefore one would expect the energy of the 
F-absorption band for the different alkali-halides to be a function of 
the lattice spacing. This has been found experimentally to be the case 
and an empirical relationship for the peak of the absorption band has 
been derived [Iv 47]:
If it is assumed that the centres do not interact with one another, then 
the area under the absorption curve is directly proportional to the 
number of the absorbing centres. Smakula [Sm 30] first treated this 
problem, assuming a lorentzian lineshape, and derived the following 
equation:
When the displaced atom is a halogen, the associated vacancy
It has been found that the ground state of the F-centre is
A (A) = 703 dloS4 (2 o 51)max
Nf = 1.29 x IQ17 W (2.52)
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3where N is the number of F-centres per cm , f the oscillator strength, n
the refractive index of the crystal at the specific wavelength, a ismax
the absorption coefficient in cm 1 and W is the half-width of the band. 
Dexter [De 56] considered the lineshape to be gaussian and found that 
the constant in eq. (2.52) would be 0.87*1017.
Continuing the analogy to the hydrogen atom, absorption bands 
related to transitions of the electron to higher excited states would be 
expected. Luty [Lu 60] discussed the observation of four weaker peaks 
on the lower wavelength side of the F-absorption band. These are named 
K, Lx, L2 and L3 and the data indicated that they do correspond to 
transitions to higher excited states.
As the electron is not completely confined to one lattice site, 
the defect is slightly positive compared to the lattice and can attract 
a second electron to become an F'-centre. This will, in absorption 
measurements, be observable as a broad band, poorly resolved from the 
F-centre, peaked at longer wavelengths. The F'-centre is thermally not 
very stable and is difficult to observe at room temperature. When 
alkali halides have been subjected to prolonged electromagnetic 
radiation, other absorption bands have been detected. These are called 
the M-, R- and N-centres and have been associated with aggregates of 2,
3 and 4 F-centres respectively.
In addition to electron-trapping centres there can be positive 
hole-trapping centres. One of the most-investigated of these, the V -
K.
centre, has been envisaged as a halogen molecule-ion, X2, situated at a 
pair of adjacent halogen sites, and oriented along the (110) axis of the 
crystal. It is thought to be created by the following process. In 
ionic-bonded alkali halides, the halogen constituent exists as a 
negative ion. A low energy interaction may remove an electron from a 
halide ion, thereby creating a "positive" hole in the lattice. The V - 
centre is established when the hole is pulled together with an adjacent 
halogen ion, because the sharing of the single electron deficiency is 
energetically favourable [Sc 62].
When the energy of the electromagnetic radiation is not great 
enough to completely remove the electron, but only excite it to a higher 
level, one may consider the excited halide ion as an electron bound to a 
positive hole. This configuration is termed an exciton.
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Another defect associated with the displacement of halogen 
ions is the H-centre. It is understood to be four halogen atoms 
situated on three lattice sites, which is a type of crowdion. Like the 
V^-centre, it is oriented along the <110) axis, and it is not stable at 
room temperature.
The point defects described above may introduce small 
localized strain in the crystal, thereby affecting its density. For the 
purposes of calculation of depth in a crystal in association with 
particle-scattering or X-ray production, density changes are of minor 
importance since the stopping power is proportional to the density.
2.3.3 Extended Defects
The initial damaging effect of an incident beam on the crystal 
is to produce point defects, which at a high enough concentration may 
interact with one another In this work the particle beam covered 2 mm2 
of the crystal, hence the observations reflect average properties of the 
damage and are unable to give quantitative information about individual 
types of extended defects. However, certain general characteristics of 
defect interactions do manifest themselves in the average behaviour. 
Optical absorption measurements do not directly reveal the presence of 
extended defects, so other types of observation, such as electron 
microscopy, are used to examine them.
One linear defect, a dislocation, is a line imperfection of 
many lattice sites. A dislocation line is envisaged as the boundary 
between a slipped and an unslipped region of the lattice. The slip 
results from stresses applied to the crystal, either by external 
mechanical methods, or distributed internally by irradiation. A 
dislocation in an ionic crystal will have a local charge disturbance, 
which permits it to act as a sink for point defects. Because the region 
near a dislocation is strained, dislocations are able to interact with 
one another. A dislocation line can end at the surface of a crystal, at 
a junction with another dislocation, or by forming a closed loop 
[To 73, Ch 65].
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2.3.4 F-Centre Creation Mechanisms
F-centres can be created by various treatments of alkali 
halide crystals, such as ion-bombardment of crystals, ultra-violet 
irradiation, or heating in an alkali atmosphere. Section 2.3.1 derived 
the cross section for the direct production of vacancies by transfer of 
energy from bombarding ions. For ionic crystals, the threshold energy 
for displacement of ions from lattice sites is about 25 eV [Se 54].
This is considerably greater than the energy needed to produce F-centres, 
since ultra-violet quanta are only about 5 eV, so other processes than 
the direct displacement must occur.
Seitz [Se 54] proposed a mechanism where mobile excitons could 
interact with a dislocation line present in the crystal, resulting in 
the release of vacancies. Several other mechanisms have been proposed, 
but experimental observations imply that the mechanism proposed by 
Pooley [Po 65, Po 66] and independently by Hersh [He 66] is the most 
satisfactory.
The basis of the process is the radiationless disintegration 
of a V -centre. The formation of the V -centre by low-energyK K
interactions has been discussed in section 203.20 By another low-energy 
interaction an electron may be captured into an excited state of the V -K
centre, which can decay to the ground state with the released energy 
appearing as kinetic energy of the pair of halogen ions. In the lattice 
environment the division of energy can be unequal, and the more 
energetic ion may initiate a replacement collision chain along the 
(110>-axis. The end result is the formation of a vacancy and an 
interstitial halogen ion0 When the vacancy captures an electron it 
becomes an F-centre. A modification to this model has been proposed by 
Smoluchowski et aZ. [Sm 71], which results in the end products being 
F-centres and neutral halogen atoms. The replacement collision sequence 
produces stable defects, because it separates the pair of complementary 
defects far enough to greatly reduce the probability of recombination.
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CHAPTER 3
PREVIOUS INVESTIGATIONS OF RADIATION DAMAGE 
IN ALKALI HALIDES
In crystals, the packing of ions is dictated almost entirely 
by the conditions imposed by electrostatic forces and the relative sizes 
of the ions. In ionic crystals, the binding is accepted to be the 
result of Coulomb attraction between ions of opposite signs, because it 
is understood that each atom of one species donates an electron to the 
second species. This type of binding leads to considerably greater 
freedom for accommodating defects than occurs in metals; this is 
reflected in the larger binding energy. Consequently, ionic crystals 
can contain extensive disorder without exhibiting large structural 
changes. The effects of disorder are somewhat mitigated by clustering 
and recombination of defects, and lattice strains associated with the 
defects can be relieved by a simple relaxation of the positions of 
neighbouring atoms or ions.
Many physical properties of ionic crystals are determined by 
the concentration of lattice defects, and observations of changes of 
these properties may quantitatively measure the lattice disorder. In 
alkali halides different kinds of point defects absorb light in 
characteristic wavelength bands. Extensive studies of ionic 
conductivity and density changes have been carried out to determine 
their relationships with various absorption centres. In this thesis the 
defects specifically introduced by charged particle bombardment are of 
primary concern. However, some observations and interpretations of the 
properties of defects induced by other methods are relevant, and will be 
discussed first in this chapter, in section 3.1. Studies of similar 
types of defects introduced by charged particles are discussed next in 
section 3.2.
Using charged-particle bombardment to create defects has 
several advantages over other methods; the beam of particles may be
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selected to be monoenergetic, which gives the choice of depth throughout 
which the defects are to be introduced. A portion of the beam will be 
back-scattered out of the solid and may be monitored to give an 
indication of bulk disorder in the crystal; this involves using 
channeling as a probe of the crystallinity of the solid. Until recently 
the charged-particle irradiation has only been used as a damaging agent, 
and after creation the defects have been separately studied by optical 
absorption and other methods. The use of channeling studies to detect 
radiation damage is discussed in section 3.4.
A major disadvantage of using charged particles is that it is 
not selective to the types of defects introduced into the solid. Some 
particles can lose large amounts of energy to individual atoms which in 
turn can create damage in a region of the crystal by collisions and 
displacements, resulting in large disruptions of the lattice. These 
large damaged regions do not usually indicate their presence by optical 
absorption, so other detection methods need to be employed to study them. 
Electron microscopy has had considerable success in differentiating 
between specific types of large defects. Its use for damage studies in 
alkali halides is discussed in section 3.3.
To employ channeling as a tool to investigate atom location 
and radiation damage, an understanding of the basic processes is 
required. Studies of channeling in a wide variety of crystals have led 
to the evaluation of parameters indicative of the phenomenon. Hence 
different values of these parameters may indicate the presence of 
lattice disruption. Results of several aspects of these measurements 
will be discussed under the four sub-headings of section 3.4. 
Individually, the back-scattering and optical absorption techniques have 
been applied to the study of damage in alkali halide crystals, and 
certain correlations between the measurements have been deduced.
However no experimental verification of these correlations has yet been 
reported. Such correlations form the basis of the experiments to be 
described later (Chapters 4 - 6 of this thesis),
3.1 OPTICAL ABSORPTION INDUCED BY SOFT RADIATION
In studying radiation-induced defects in crystals, it is of 
importance to be able to determine what defects, in excess of those
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already present in the crystal, are specifically due to the radiation 
process.
The main visibly observable effect of radiation on alkali 
halides at room temperature is the production of F-centres. It has been 
found that extensive exposures of crystals to X-rays produce a greater 
concentration of F-centres than can be accounted for by the 
concentration of ot-centres initially present in the crystal [Se 54], 
which has been estimated to be of the order 1016 - 1017 per cm3 [Sc 62]. 
Gordon and Nowick [Go 56] exposed NaCl crystals to X-rays and found that 
the F-centre production could be described in two stages. The first
1 7stage was very rapid, reaching a saturation density of the order 10 
3per cm . They interpreted this to be due to the generation of colour 
centres from vacancies, initially present in the crystal, by the 
trapping of electrons which become readily available when atoms in the 
crystal are ionized by X-rays. The second stage takes place at a much 
slower rate, and continues to a density in excess of about 1018 per cm3, 
From the results of a similar type of experiment, Etzel and Allard 
[Et 59] attributed the first stage of colouration to the presence of 
impurities and found that the second stage did not depend on the 
presence of impurities, nor did it saturate.
The Seitz model, briefly discussed in section 2.3.4, implies 
that F-centres will not be produced homogeneously throughout the bulk of 
the crystal, but will be formed in the vicinity of dislocations. Rabin 
and Klick [Ra 60] studied the formation of F-centres in crystals at room 
temperature and at liquid helium temperature. At the lower temperature 
the mobility of the defects is reduced. Their results indicated that 
the formation of vacancies was a bulk effect not requiring the presence 
of dislocations. Their results also confirmed that the growth in 
numbers of F-centres exhibited the changes in slope described above.
3.2 STUDIES OF F-CENTRES INDUCED BY CHARGED-PARTICLE IRRADIATION
Pooley [Po 66b] investigated the F-centre production in 
various alkali halides bombarded with 100-400 keV protons0 For NaCl, 
the relative F-centre concentration saturated at 1.4± 0.2x 10”3, which 
corresponds to a density in excess of 1019 F-centres cm-3. The 
saturation level was practically independent of proton energy, and at
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room temperature was also independent of beam current. Alkali halides 
with larger lattice parameters had lower saturation levels. He proposed 
a model to describe the saturation effect<, It was assumed that the 
created interstitials were mobile and the F-centres were not. The 
interstitials will diffuse through the crystal until they either 
recombine with an F-centre or become trapped at sinks, such as 
dislocationSo
A volume v was associated with each F-centre, within which it 
would not be possible to form a stable interstitial due to instantaneous 
recombination. His experimental observations indicated that the most 
probable explanation of the saturation effect was that the density of 
F-centres increased until every additional created interstitial almost 
immediately recombined with an F-centre. From these considerations, he 
derived the F-centre accumulation rate to be
dF 
dt (l-vFb(F)) . (3.1)
F is the concentration per unit volume, t is the dose of incident
particles, (dF/dt) is the initial formation rate and b(F) is a functiono
which takes into account the overlap of the individual volumes 
associated with the F-centres: 1 >  b(F) >  0, and b(0) =1. Pooley found,
from geometrical considerations, that
b (F) ~  1 - J*vF , (3.2)
which implied that the F-centre concentration could be expressed as 
follows:
F(t) = F (°°) ,T + t
where
F(°o) = -  , and T = F(°°)/| — !v |dtj
By comparison with his results, he estimated that v contained about 2000 
halogen atoms, which corresponds to a sphere of radius 5a, a being the 
face-centred lattice parameter.
Pooley found that M-centres were produced and that their 
concentration was at least an order of magnitude less than that of the
(3.3)
(3.4)
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F-centres. Similarly, he observed a third absorption band which he 
associated with the combination of F-centres with the implanted hydrogen 
atoms.
To evaluate the saturation density of F-centres, he assumed 
that they were uniformly distributed throughout the proton range. This 
is not entirely valid, as can be seen from the work of Perez et ai0 
[Pe 73]o They have studied the colouration of LiF crystals by 56 MeV 
a-particles and 28 MeV deuterons and found that the density of F-centres 
along the projectile path was analogous to Bragg curves. These F-centre 
profiles were found to be in good agreement with calculated electronic 
stopping powers, indicating that F-centre creation is basically an 
ionization process and is not due solely to atomic displacements. Hence 
one would expect F-centre saturation to appear first at the end of the 
range and move towards the surface of the crystal as the dose of 
particles is increased.
Pooley also observed orientational effects in the saturation 
level of F-centres when the crystal was at liquid helium temperature.
The saturation level nearly doubled when the crystal was irradiated in 
the <100) direction in comparison to a random direction. At room 
temperature the effect was quite small. Pooley attributed this to long 
range proton channeling and concluded that thermal vibrations made the 
average ranges of channeled and non-channeled particles practically 
equal for room temperature.
3.3 ELECTRON MICROSCOPY STUDIES OF DAMAGE IN ALKALI HALIDES
Investigators of such diverse properties as radiation 
hardening, thermal conductivity, and diffuse X-ray scattering, in 
irradiated alkali halides indicate that mobile interstitials may 
aggregate into large clusters [Ho 73]0 The electron microscope has been 
used to observe these clusters.
In earlier electron microscopy studies, detection of the 
initial defects was made difficult owing to high beam-induced damage. 
Consequently, Izumi [Iz 69] investigated the effect of electron beam 
irradiation on NaCl and KC1, and observed a variety of defects: plate­
shaped defects oriented parallel to the {l00} planes, lens-shaped voids,
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dislocation loops, and rod-shaped defects« Izumi was mainly interested 
in relating the plate-shaped defects to small clusters of colloidal 
alkali metal, which had previously been reported in the literature. 
Kawamata [Ka 71] improved the observation technique by using a liquid 
nitrogen cooled target stage to reduce the mobility of defects. By this 
means he was able to study in more detail the creation and movement of 
dislocation loops« For foils thicker than 1000 Ä, he found that the 
dislocation loops could grow in the body of the crystal, and that growth 
ceased where loops interacted with the surface«
Hobbs et at. [Ho 73] reduced the mobility of electron beam- 
induced defects even more by using a liquid helium cooled stage. By 
placing the main emphasis of their study on KI, which does not damage as 
rapidly as some of the other alkali halides, it became possible to 
differentiate between original damage and the defects due to the 
analysing beam. The beam-induced damage showed defect clustering on a 
large scale. The predominant type of cluster was a planar dislocation 
loop, which grew along (100) axes. At very high doses three-dimensional 
clusters were also observed. They pointed out that these defects 
appeared to be the same as those reported by Izumi [Iz 69], but they 
questioned their interpretation as colloidal alkali metal clusters and 
voids respectively. The conclusion was that the primary clusters were 
interstitial halogen atoms, and that the number of atoms involved in 
these clusters was about the same as the number of created F-centres. 
Furthermore, they found that the density of the loop clusters was 
reduced in the vicinity of dislocations, implying that dislocations are 
reasonable defect sinks.
To describe the structure of the interstitial loops, Hobbs et 
ala [Ho 73] considered the possibility of their being simple dislocation 
loops. This implied that defect production mechanisms similar to the 
ones known to take place at halogen sites, should also take place at 
alkali sites. No experimental observations had been reported to 
indicate that such processes occur. As an alternative Hobbs et at. 
proposed that V^-centres aggregated along { 110) rows to form planar 
precipitates of halogen molecules. However, the strain fields 
associated with such a precipitate would not be large enough to explain 
the experimental observations« Therefore they proposed a combination of 
the two models, in which planar precipitates would form and then
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interact with the surrounding lattice. The result would be a perfect 
dislocation loop surrounded by a cloud of halogen molecules oriented in 
the <100) direction. At room temperature aggregation of these molecules 
could form the three-dimensional clusters,,
3.4 DETECTION OF RADIATION DAMAGE BY CHANNELING TECHNIQUES 
3.4.1 Channeling in Alkali Halides
Channeling in alkali halides was reported by Matzke and 
coworkers [Ma 67, Wh 66], who applied it to atom location studies and 
range measurements. As discussed in section 3.2, Pooley [Po 66b] also 
reported that channeling took place in alkali halides, but he did not 
measure the characteristic channeling parameters Xm^n and ip^ (Chapter 2, 
sections 2.2.1 and 2.2.2). Matzke [Ma 71] measured these parameters for 
various alkali halides. He found that the observed ip^ agreed reasonably 
well with theoretical predictions, whereas the values for were much
larger than predicted. To align his crystals he used the back-scattered 
particle technique, which will be discussed in Chapter 4, and attributed 
the discrepancy in X_^n to ion-induced damage during the alignment. 
Hollis [Ho 73a] investigated the channeling of 1 MeV He+ ions in NaCl 
crystalso His main objective was to try and minimize the effect of beam 
damage and deduce X. for unirradiated crystals. He aligned a crystal 
by means of the ion-beam, and then either translated the crystal so that 
the beam irradiated a new spot, or thermally annealed the crystal for 15 
minutes before subsequent irradiation. His experimental values for x^ 
over a range of temperatures fell between values calculated from 
formulae given by Lindhard [Li 65] and by Barrett [Ba 71].
3.4.2 Dechanneling of Particles by Radiation Damage
Morita et at. [Mo 70] studied the effects of radiation damage 
on the channeling of lc5 MeV protons in KBr. They observed for 
increasing dose that the shape of the back-scattered spectrum changed 
and gradually approached the random spectrum. The relation between the 
slope of the channeled spectra near the high energy end point, R, and 
the dose, D, was approximately
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R Rn + R M  - a D \(1 - e ) (3,5)
where R0 is the value for the unirradiated crystal, R^ is the saturation 
value, and a is a constant. The ratio R^/Rq was found to vary for 
different channeling directions in a manner which showed that the 
interstitial defects produced by radiation were in the neighbourhood of 
a face-centred position,, They associated the absolute value of R^ with 
the concentration of defects effective for dechanneling, and deduced an 
interstitial concentration similar to the F-centre saturation 
concentration found by Pooley [Po 66b].
Ozawa et at„ [Oz 72] studied the effects, on the aligned back- 
scattered particle yield, of radiation damage in KCl, NaCl, KI, LiF and 
NaF, induced by bombardment with lc5 MeV protons. From the slope of 
Xjnin vs depth observations at different doses, they estimated defect 
concentrations. An unstated assumption in their paper was that the Xm ^n 
curves were straight lines and the defect concentration was the same at 
all depths. The difference between the slopes for an irradiated and a 
perfect crystal was expressed by Ozawa et at. as:
dX . (x) dX . (x)min m m CNdZLZ 2e p (3 o 6 )
where N is the density of crystal atoms of atomic number Z2, d is the 
atomic spacing in the channel direction and p is the relative density of 
interstitial atoms. C is a factor related to the type of defect and to
Pthe dechanneling process. The value for d)(^n (x)/dx was evaluated from 
the back-scattered yield of a crystal bombarded with 1013 ions cm"2„
For doses up to 3 x 10 ions cm no saturation in x^ was observed. 
Defect concentration vs dose was studied at the temperatures 150°, 100°, 
20° and -72 °C. At high doses the amount of damage increased for 
decreasing temperature. However, the initial damage rates increased for 
150° to 20 °C and became lower at -72 °C.
Ozawa et at. studied the variation of the quantity
1
NdZ2
for the orientations ( 100) and < 110) for both NaCl and KC1. It was the
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same for both orientations in KC1, suggesting face-centred defects, but 
in NaCl they differed considerably, implying body-centred defects.
To evaluate defect concentration, a knowledge of the 
dependence of C, eq0 (3.6) , on the dechanneling process is required,,
Ozawa et at. first making the assumption that dechanneling was due to 
single scattering from the defects, and that the back-scattering 
spectrum from a perfect crystal is represented by
p —k vX^.n (x) = 1-e , P «  1 , (3.7)
derived the following expression for C:
C - I ^ - X m i n (x>) ‘ (3'8)
Similarly, assuming that dechanneling was due to multiple scattering 
only, and that the back-scattered yield could be described by
w x) = e'L/x' (3 9)
found that C would have the form:
C = 7T £n(lo29 e) (in Xmin(x0 2 Xmin (x) • (3.10)
They used these two extreme cases to extract defect densities from their 
data. The results for the single scattering assumption were two orders 
of magnitude larger than those obtained by Pooley [Po 66b], and one 
order of magnitude too large for the multiple scattering case.
Hollis [Ho 73a], channeling 1 MeV helium ions in NaCl,studied 
the dependence of XTn^ n on dose. Initially Xm^n increased, reached a 
peak value near 5 x 10 ions cm , then decreased. This led Hollis to 
suggest that there was a decrease in disorder at high doses which may be 
related to a rearrangement of defects or to the formation of sodium 
clusters or platelets, such as those observed by Izumi [Iz 69].
Hollis, Newton and Price [Ho 73b] experimentally verified the 
peaking of in NaCl, and also found similar behaviour in KC1 and LiF.
It was observed that damage rates and maximum levels increased in the
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order KCl, NaCl, LiF and the dose corresponding to maximum damage 
decreased in the same order. No further elucidation on the damage 
process was obtained.
Price [Pr 73] studied the variation of and vs dose for
1 MeV proton and 1 MeV deuteron bombardment on various alkali halides.
No major variations in were observed, but XIn^ n increased for 
increasing dose. He did not observe any annealing effect.
3.4.3 Dechanneling by Specific Defects
To relate the back-scattered yield to specific types of 
lattice disruption, the influence of different defects on the 
dechanneling process must be known. The only major work on dechanneling 
by specific defects is that of Quere and coworkers [Qu 68a, De 70,
Mo 72], They have considered both experimentally and theoretically the 
dechanneling of alpha particles by dislocations, stacking faults and 
grain boundaries. They used thin foils from which only channeled 
particles could emerge, whereas particles penetrating in random 
directions would be stopped within the foil. The observations verified 
that damage can cause dechanneling. Theoretically they deduced 
dechanneling cross sections which gave reasonable agreement with the 
experiments.
For a dislocation, Quere [Qu 68b] proposed the presence of a 
dechanneling cylinder coaxial with the dislocation inside which the ions 
would inevitably dechannel, and he was able to deduce a theoretical 
expression for its diameter.
Similarly, Van Vliet [VI 70] considered the dechanneling of 
ions at dislocations, employing the use of computer simulation. From 
the analysis of the trajectories, he was able to suggest two qualitative 
conditions for dechanneling; (i) the degree of distortion of the 
channels must exceed a certain critical volume; and (ii) the 
projectiles must actually interact with the channel wall. He also found 
that dechanneling was never complete, the maximum being about 50%. At 
high energies, the dechanneling probability did not peak at the centre 
of the dislocation cylinder, but at a small distance from it.
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3.4.4 X-Ray Studies in NaCl
Roth et at. [Ro 70] studied the X-ray excitation process in 
NaCl using 75 keV and 200 keV protons, and found differences in the 
channeling behaviour between ( 100) and < 110) orientations. They 
attributed this to the structure of the channels, i.e. in the (100) 
direction the rows consist of alternate sodium and chlorine atoms, 
whereas in the (110) direction, the rows are, alternately, entirely of 
sodium or chlorine atoms. Along the ( 110) direction relatively more Na 
K X-rays than Cl K X-rays were produced, indicating that dechanneling 
occurs mainly at the sodium rows, which have the weaker potential. They 
also measured for the X-ray process and found that it was much
higher than their computer predictions. They attributed this to 
radiation damage. They made calculations [Ro 73] of relative flux 
density distributions, and it was seen that at the centre of a channel 
the relative flux density could be up to seven times the random flux, 
and at the centre of the string down to a tenth of the random flux.
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CHAPTER 4
EXPERIMENTAL PROCEDURE
The objective of this work was to obtain simultaneous 
observations, under channeling conditions, of back-scattered particles, 
optical absorption, and X-ray emission during irradiation of alkali 
halide crystals until the crystalline structure was destroyed» The 
basic experimental requirements for channeling consist of a well- 
collimated particle beam, a single crystal target mounted on a rotatable 
stage, and a detector to monitor a close-encounter process,
This chapter deals with the experimental equipment which was 
used to measure the incident 1 MeV helium beam, to observe the back- 
scattered particles, the absorption of light in the F-centre band, and 
the emission of characteristic X-rays. Several monitoring systems were 
used to identify and minimize the effects of systematic errors which 
might arise during the long irradiations» The equipment for channeling, 
optical absorption and X-ray detection will be described in sections
4.1 -4.3» Sections 4.4 and 4.5 deal with the procedures for handling 
detector output signals and the preparation and alignment of the 
crystal» Finally, in section 4.6 the data recording methods will be 
explained»
4.1 CHANNELING EQUIPMENT
In earlier channeling [Ho 73b] and beam-foil experiments 
[Ne 72] undertaken in this laboratory, it was found that the existing 
equipment was inadequate in two respects: the rather poor vacuum, and
the lack of a facility for mounting many detectors in and around the 
fifteen centimetre chamber»
The need for an improved vacuum system was made obvious from 
the channeling experiments, in which it was observed that a carbon layer
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up to 25 Ä thick could be deposited on the target during 24 hours of 
irradiation. Under normal conditions the vacuum was about 1 x 10 5 torr, 
reducing to 5 X 10-6 torr after some two days of pumping.
To reduce the contamination several steps were taken. The 
accessible parts of the accelerator and all beam-line components were 
dismantled and cleaned according to a rigorous cleaning procedure.
During the reassembly of the accelerator system, all seals were replaced 
by Viton "A" o-rings and all perspex components by glass. The oil 
normally used in the liquid nitrogen trapped diffusion pump was replaced 
by a type which gave less backstreaming. Finally, the system was baked 
at 125 °C for two days. After this treatment the base pressure of this 
part of the system was measured to be 1 x 10”6 torr. A complete new beam 
line was constructed from stainless steel components. The body of the 
new target chamber was also of stainless steel, the lid and flanges were 
dural. Copper sealing gaskets were used for permanent stainless steel 
joints, and Viton "A" o-ring seals were used for demountable joints, 
such as lid and flanges. All sliding or rotating seals were eliminated 
by using bellows. Two liquid-nitrogen traps were incorporated in the 
beam line. Two pumping restrictions were used to differentiate between 
the beam line and accelerator system, one placed immediately after the 
analysing magnet (see Figure 4.1), and the other between the two liquid 
nitrogen traps. The beam line and target chamber were pumped by a 
Pfeiffer Turbo-Molecular pump, of speed 260 litres sec 1, and a Varian 
Vac-Ion pump, of speed 140 litres sec l. Pressures measured in the 
target chamber after 12 hours of pumping were less than l x 10"6 torr, 
and after three days of pumping less than l x 10~7 torr. In this system, 
no signs of any carbon deposition have been observed,
4,1,1 Accelerator and Ion-Selection
The accelerator used for this work was a 2 MV HVEC Model AK 
Van de Graaff generator. It has a conventional radiofrequency ion 
source capable of producing positive ions of elements introduced into 
the source in a gaseous form. After acceleration the ions are selected 
by a 22%° magnetic analyser, which has a mass energy product of 36. The 
magnetic field was monitored by a Hall probe, which showed variations 
over a three day period within ± parts in 1250; this stability was 
adequate for the current series of experiments.
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4 1.2 Beam Transport
Two types of experiments were to be carried out with this 
equipment, namely channeling and beam-foil spectroscopy studies.
Radiation-induced damage accumulates rapidly in alkali halides, 
so small beam currents, from 1 to 50 nA, were required for the study of 
damage vs dose0 To resolve the minimum yield, the beam divergence must 
be much less than the channeling critical angle ip1, which for 1 MeV 
helium ions on NaCl is 0o97°„
For beam-foil spectroscopy, where the emission of photons due 
to atomic transitions may be weak, beam currents of 10 yA or more were 
needed if reasonable statistics were to be obtainedo Angular divergence 
of the beam introduces Doppler broadening of the observed lines, so that 
small divergences were wanted, although the requirements were generally 
not as stringent as for channeling experiments.
A quadrupole (Q in Figure 4.1) was incorporated in the beam 
line 3.0 metres upstream from the target to achieve the beam current 
requirements for beam-foil studies, but was not used for channeling 
experiments.
Two sets of slit assemblies (S), spaced 2.3 metres apart, were 
used as beam defining apertures. Each set had four independently 
movable insulated "edges", which defined two orthogonal slits. The 
distribution of the currents intercepted by the four edges indicated the 
position of the beam, and the currents intercepted by the horizontal 
pair were also used for the corona stabilizing system of the accelerator, 
Since the slits intercepted a large portion of the beam, ~ 5 yA, in 
comparison to the part that irradiated the target, 10 - 50 nA, they were 
water cooled. For the channeling experiments, the apertures were chosen 
to be 2 mm x 2 mm for the first set, and 104 mm x 1.4 mm for the second 
set, which gave a theoretical maximum beam divergence of ± 0.04°, which 
was an acceptably small fraction, some 4%, of the critical angles 
relevant to this work.
4.1.3 Target Chamber
The target chamber was 82„5 cm long, 27,5 cm wide and 47.5 cm 
deep. The general concept of the target chamber was to provide an
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"optical bench", so that subassemblies for different experiments could 
be put in and removed easily. Subassemblies could also be mounted on 
interchangeable lids. Both sides of the chamber had large service 
openings, 50 cm long and 7 cm high, where flanges were mounted, which 
carried windows, feedthroughs for pulse signals, electrical connections, 
and liquid nitrogen cooling attachments. The target chamber with the 
channeling subassembly in place is shown schematically in Figure 4.2.
4.1.4 Crystal Mount
The target subassembly for these experiments was built up 
around a goniometer, made by McLean Research Engineering Company 
[McL 72] based on a design by Knox [Kn 70]. The goniometer can be 
rotated about three intercepting axes, as shown in Figure 403. Each 
axis is driven by a stepping motor, giving 0o01° increments. The X and 
Y axes can rotate 360°, whereas the Z-axis rotation is restricted to an 
80° arc.
Y
Figure 403: Diagram of three goniometer axes.
A thermally-insulated stage, shown schematically in Figure 4.4, 
was built so that studies of targets at temperatures ranging from 100 °K 
to 800 °K could be undertaken. Nitrogen gas was cooled by passing it
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through a coil immersed in a dewar of liquid nitrogen outside the target 
chamber. The cold gas was then circulated through a copper coil 
soldered to the stage. The cooling coil attachment to the target stage 
restricted the rotations about all three axes to ± 20°. The stage was 
heated electrically by a tungsten wire embedded in pyrophyllite. The 
temperature was monitored by a thermocouple attached to the stage in the 
vicinity of the crystal. The separate parts of the stage were held 
together by 3 stainless steel bayonet clips, which fitted into a 
permanent support mounted on the goniometer. The crystal target was 
held by a circular spring-loaded washer against a ledge, with a 9 mm 
diameter aperture, in a plane normal to the X-axis.
BAYONET CLIP (3)
CRYSTAL OVEN
SPRING
-COOLING RING
HEATER LEADS
S S SUPPORT
Figure 4.4: Cross sectional view of the cylindrical Target
Mounting Stage.
Since alkali halide crystals are insulators quite high surface 
potentials may result from the ion-bombardment, as was observed by 
Hollis [Ho 73a]. The surface charge was neutralized by electrons 
emitted from a heated tungsten filament, similar in design to that used 
by Holliso It was positioned on the goniometer in such a way that the 
crystal was not directly in line with the filament, in order to minimize 
radiation heating of the target. The electron emission from the 
filament was monitored by a nearby copper plate, maintained at a 
positive potential of 30 volts. Following Hollis' prescription, the 
current of electrons was kept at about three times the ion-beam current. 
Ozawa et at. [Oz 72] also noted the build up of surface charge but they 
found that it could be avoided by using crystals smaller than 8 mm x 8 mm.
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The channeling subassembly carried, as well as the goniometer, 
detector holders, collimators and mirrors. These were aligned to a 
common axis before the subassembly was placed in the target chamber.
The subassembly was then aligned to the beam direction by adjusting 
screws using a laser directed down the ion-beam path.
4ol.5 Scattered Particle Detector
1 MeV helium ions scattered from the target were detected in a 
silicon surface-barrier detector mounted at 160° from the incident beam 
direction. The detector had a 200 micron depletion depth and a surface
parea of 60 mm . An 8 mm diameter tantalum aperture enabled particles 
from the crystal to be detected within a solid angle of 1„3 milli- 
steradians. The detector was coupled to an ORTEC 109A charge-sensitive 
preamplifiero
4„ln6 Beam Monitor
Since alkali halide crystals are insulators and thick crystals 
were used in this work, direct measurement of the ion-beam current 
incident on the target was not possible„ The number of ions in the beam 
was monitored by counting particles scattered from a portion of the beam 
before it reached the crystal. A rotating 2 mm thick aluminium 
"chopper" with six vanes intercepted the beam on a 50% duty cycle, The 
particle detector and beam chopper are identified by the symbols BM and 
C in Figure 4020 The detector that was used for particles scattered 
from the chopper had the same characteristics as the detector described 
in section 4.1,5, and the output signals were amplified by the same type 
of preamplifier. The energy distribution of particles from the 
aluminium chopper was characteristic of a thick target Rutherford­
scattering yield. The number of counts in this continuous spectrum, or 
any selected portion of it, could have been used to monitor the beam, 
but variations in amplifier gain might then have been falsely 
interpreted as changes in the beam. To eliminate the effects of small 
gain changes, a 300 Ä layer of gold was evaporated onto the upstream 
side of the chopper vanes. This registered in the spectrum as a well 
resolved peak at an energy higher than the upper limit of the continuum 
from scattering off the aluminium.
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1 9After prolonged use of the chopper, corresponding to 10 ions 
cm-2 on the target, a degradation was observed in the shape of the gold 
peak. This was probably due to ion-induced diffusion of gold into the 
aluminium; when the gold layer and the underlying surface of the 
aluminium were removed, re-evaporation of a new gold layer restored the 
original spectrum. A calibration relating the number of counts in the 
gold peak to the beam current was obtained by inserting a faraday cup 
behind the beam chopper (FC in Figure 4.2)„
4.2 OPTICAL EQUIPMENT
The principal features of the optical system used to study the 
dependence of absorption by the crystal on particle dose are indicated 
in Figure 4.2. A light beam was split into two parts at the mirror M2„ 
One part of the beam passed through the crystal to mirror Mj and was 
analysed by a monochromator0 The other part of the beam passed directly 
to a second monochromator.
A schematic diagram of the optical system is presented in 
Figure 405.
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Figure 4.5: Schematic of the light paths of the optical system0
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The light source was a quartz iodide lamp and a quartz lens 
mounted outside the chamber. Light passed through a quartz window on 
the side of the target chamber to the mirror M2, which reflected about 
half the incident light to the crystal, and transmitted the rest to a 
quartz window on the opposite side of the chamber and then to the 
entrance slit of the Heath EUE-700 monochromator. The optical distances 
from the semi-transparent mirror to the crystal and to the Heath 
monochromator were equal so that images of the light source could be 
formed simultaneously at both positions« The illuminated part of the 
crystal was determined by a 1 mm diameter aperture concentric with the 
1.4 mm square which was irradiated by the ion-beam. The light which 
passed through the crystal was reflected from the annular mirror Mx 
through a window on the chamber wall and was focused on the entrance 
slit of the McPherson 218 scanning monochromator.
The monochromators and the light source were mounted on tables 
that could be rotated and translated parallel and perpendicular to the 
ion-beam« Rotations of 0,1° were readily achievable and translational 
movements of 50 p could be made accurately, so that alignment of the 
total optical system was quite simple«
Similar analysed-light detectors were used on both 
monochromators. Each consisted of an EMI 6256S photomultiplier mounted 
in a brass housing containing the dynode chain and preamplifier. The 
photomultipliers were cooled by blowing cold nitrogen gas on to the 
quartz envelopes in the vicinity of their photocathodes. The cooling 
systems were similar in concept to the one used for cooling the target 
[Ca 70]. The operating temperature of the photomultipliers was between 
-20 °C and -40 °C, as this was found to give the minimum dark counting 
rate. The photomultipliers were used in the grounded anode 
configuration0 The output was amplified by direct-coupled, low-noise, 
fast risetime (< 10 nsec), non-overloading preamplifiers constructed in 
this department to a design based on that described by Jackson [Ja 65].
4.3 X-RAY DETECTION
A KeVex lithium-drifted silicon detector was mounted on the 
lid of the target chamber and viewed the crystal at 135° from the 
incident ion-beam direction«
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Figure 4.6: X-ray detector.
Figure 4.6 is a diagram of the X-ray detection system, and it
also shows details of the detector head. The detector was 2 mm thick,
ohad an active area of 10 mm , and was isolated from the target chamber 
vacuum system by an 8 micron thick beryllium window. Absorption in the 
beryllium reduced the efficiency of detection of X-rays with energies 
less than 1 keV. With a detector bias of 400 volts, a KeVex 2000 
optical feed-back preamplifier, and a 4510P main amplifier with a 6 hsec 
time constant, the width of the X-ray peaks was 140 eV for energies from 
1.04 to 3o60 keV.
4.4 PULSE ELECTRONICS
For each of the detection systems pulses were processed by 
linear amplifiers to obtain analyses of the pulse height distributions,
and single channel analysers connected to scalers to obtain numbers of 
counts in selected parts of the pulse height spectra.
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4.4„1 Beam Monitor
Figure 4.7 shows a pulse height spectrum of the 1 MeV helium 
ions scattered from the beam chopper and a schematic diagram of the 
associated electronics. The gold peak region of the spectrum, indicated 
by the cross-hatching, was selected by the single channel analyser (SCA) 
for monitoring the intensity of the ion-beam during an irradiation 
damage experiment. The width of the SCA window was three times the full 
width at half maximum (FWHM) of the peak. Changes in the position of 
the peak, due to drifts in amplifier gain and beam energy, were less 
than 10% of the window width and had no appreciable effect on the 
counting rate.
PULSE 
J HEIGHT
BEAM MONITOR
Figure 4.7: Schematic of beam monitor electronics. A spectrum from the
pulse height analyser is also shown: The gold peak is 30 keV wide
at half maximum intensity.
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This subsystem was calibrated by comparing the counting rate 
in the gold peak with a direct reading of the beam current in a faraday 
cup after the chopper. Without a crystal mounted on the goniometer, a 
faraday cup behind the target mount could be used. When a crystal was 
mounted, a faraday cup immediately after the chopper was used instead. 
The faraday cup output was recorded through a current digitizer. Both 
faraday cups gave the same calibration.
In this series of experiments 1 recorded chopper count
9 "*2corresponded to a dose of 4 x 10 ions cm on the crystal target.
During an irradiation, beam monitor calibrations were carried out at
i c  -  0dose intervals of 2 * 10 ions cm and were found to be consistent 
within ± 1%. This variation was twice as large as expected, and the 
difference has been associated with beam fluctuations and slow changes 
in the output characteristics of the ion-source. The ion-beam had small 
modulations at 20 Hz corresponding to the revolution rate of the 
accelerator charging belt. To check that the speed of rotation of the 
beam chopper did not introduce a systematic error in the calibration, 
measurements were made for seven different chopper speeds corresponding 
to sampling rates from 15 - 960 Hz, These calibrations were within the 
expected statistical error of 0 4%„ For standard operation the chopper 
speed was 120 Hz.
During an irradiation the pulse height analyser was not used. 
The SCA output pulses were recorded in two scalers. A ten decade scaler 
was set to zero at the beginning of an experiment and recorded the total 
number of counts until the irradiation terminated. The other scaler, 
which was controlled by a program in an IBM 1800 computer, was used for 
recording counts in subintervals of the irradiation.
4.4.2 Back-Scattered Particles
The electronic configuration used to detect the back-scattered 
particles is shown schematically in Figure 4.8.
The energy spectrum of particles back-scattered at 160° from 
the crystal was accumulated with an ADC interfaced to the IBM 1800 
computer. The energy resolution of this system was 20 keV. Since the 
counting rate in the spectrum was low, the total number of counts in a
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Figure 4.8: Schematic of back-scattered particle electronics„ A
spectrum from the pulse height analyser is also shown: The single
channel analyser (TSCA) was adjusted to select pulses within the 
cross-hatched region of the spectrum0
part of the spectrum was simultaneously accumulated in a scaler also 
controlled by the computer. The scaler counts were continuously 
available for monitoring purposes. The region selected for monitoring 
corresponded to particles that had been scattered from chlorine in a 
layer 600 Ä. thick about 1000 Ä below the surface of the crystal. This 
is indicated by the cross-hatched area in Figure 4.8. At intervals 
throughout an irradiation the position of the SCA window relative to the 
spectrum was checked.
4c,4„3 Optical Absorption
Output pulses from both monochromator detecting systems were 
counted in scalers controlled by the computer„ A schematic diagram of 
the electronic configuration for each monochromator is shown in 
Figure 4.90
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Figure 4.9: Schematic diagram of photomultiplier electronics,,
The pulse height distribution of the detector signals 
decreased with increasing pulse height. Integral discriminators (TSCA) 
were used to reject pulses that were comparable in size to those arising 
from amplifier noise„ With no light input to the system the 
discriminator level was found for which 99% of the noise pulses were 
rejected, and the operating bias was set at twice this level» The 
photomultiplier tubes were operated at 1300 volts between cathode and 
anode, with a constant 100 volts between cathode and first dynode„ This 
accelerating potential was some 300 volts smaller than that suggested by 
the manufacturer for typical applications„ The lower voltage gave a 
rather low photomultiplier gain, about 100 times, but was chosen because 
it was found that with a constant light input the variations in counting 
rate remained within those expected from statistical considerations, and 
at the same time gave an adequate signal to background ratio. The 
background counting rate exceeded 300 counts per second at room 
temperature and was less than 2 counts per second when the operating 
temperature (-20 °C to -40 °C) was reached. At normal light levels in 
these experiments, the counting rates were considerably in excess of 
1000 counts per second.
4„4„4 X-Rays
Figure 4.10 indicates the electronic configuration used to 
record the emitted X-rays, and a typical spectrum from a NaCl crystal 
is also shown»
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Figure 4„10: Schematic diagram of X-ray detector electronics. A
spectrum from the ADC - IBM 1800 pulse height analyser is also shown. 
Pulses within the cross-hatched regions of the spectrum were counted 
by two scalerso
The pulse height analyser (ADC + IBM 1800), single channel 
analysers and scalers were set up and used in a manner, described in 
section 4.4,2, for the back-scattered particles.
4 c 5 CRYSTAL PREPARATION AND ALIGNMENT
The targets were prepared immediately before mounting in the 
goniometerc, They were cleaved from single crystal blocks obtained from 
the Harshaw Chemical Company, using a tool based on their suggested 
design. The crystals cleaved readily along {lOO} planes, and targets 
about 1 cm square and 1 mm thick were easily made0 Only pieces that 
were visually flat and did not contain observable cleavage steps were 
used.
When mounted in the goniometer the ( 100) orientation could be 
aligned, by inspection, to the beam direction to within one or two 
degrees. For channeling, the alignment needs to be improved by an order
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of magnitude. The channeling phenomenon itself, observing variations in 
the yield of the back-scattered particles, can be used for a precise 
determination of the crystal orientation0 However, for alkali halides, 
this damages them severely so an alternative method was developed, in 
which the crystal face was aligned perpendicular to the beam direction 
before damage studies commenced. A silicon crystal was used to compare 
the two methods0
A systematic method [An 65] to search for a channeling 
direction is to move the crystal three or four degrees off the assumed 
alignment, by a rotation about either the Y or Z axis (see Figure 4„3), 
and then rotate 360° around the X-axis while measuring the yield of 
back-scattered particles0 The target stage used in this work restricted 
the rotations to ± 20°, so a modification to the method of Andersen et 
at. was usedo The back-scattered particle yield was measured while the 
crystal was rotated about the periphery of a square described by 
successive rotations of the Y and Z axes. Figure 4.11 shows the results 
of such a sequence of measurements near the (111) direction in a silicon 
crystal.
The curves are arranged around a square representing rotations 
of 10° about the Y and Z axes. The area within the square approximates 
to a stereographic projection. The yield minima represent, most 
probably, major directions in the crystal. The coordinates of the 
common intersection, which results when corresponding minima are 
connected, gives the amounts by which the Y and Z axes need to be moved 
to bring the ( 111) axis into coincidence with the beam direction-,
Several "rocking curves" through the (111) direction showed that the 
reproducibility was within 0o03°, which is satisfactory in relation to 
the value for \p^ f approximately 1°, for the channeling process studied 
in this work.
Since alkali halide crystals cleave cleanly along well-defined 
planes and the reflectance of light from the surface is good, an 
alternative way of aligning the crystal to the ion-beam direction was 
devised, using the reflection of an aligned laser ray [Pr 73a] . The 
arrangement of the laser equipment is shown in Figure 4.12; the magnet 
box, beam viewer and chamber are the same as those identified by the 
symbols AM, BV and C in Figure 4.1.
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Figure 4.11: Back-scattered particle yield curves for rotation of a
silicon crystal around the periphery of a square near a ( 111> 
direction.
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Figure 4ol2: Schematic diagram for laser alignment of a crystal.
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The alignment was performed by reflecting a He-Ne laser beam 
from the crystal back to the beam viewer. The position of the reflected 
beam could be seen on a metal plate, distant 2 metres from the target, 
which had a 10 mm x 10 mm aperture at its centre to permit passage of the 
incident particle or laser beam0 The goniometer was adjusted until the 
reflection was in the centre of the aperture. Alignment of the crystal 
by this technique agreed within 0„1° with that found by the channeling 
method.
Before irradiation of an alkali halide crystal began, the 
crystal was aligned with the laser,, At a later stage of an irradiation 
the laser alignment was checked by the channeling method; a rocking 
curve for a partially damaged crystal is shown in Figure 4.13.
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Figure 4.13: Variation of the back-scattered particle yield with
orientation, for an irradiated NaCl crystal. The abscissa is 
relative to the alignment determined by the laser method,,
4.6 DATA RECORDING
Data from the detection systems which have been described above 
was collected under the control of a program in an IBM 1800 computer.
One data record consisted of the energy spectra of back-scattered 
particles and of X-rays, and time sequence spectra of counts from six
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scalers. Figure 4.14 shows a record collected during irradiation of a 
NaCl crystal with 1 MeV helium ions. The time interval during which the 
energy spectra were accumulated was divided into 400 equal intervals for 
recording counts from the scalers. From a sequence of 100-200 records 
the progress of radiation damage in the crystal was studied as a 
function of particle doseQ
CHANNEL NUMBER
Figure 4.14(a) and 4.14(b): One record of data simultaneously collected
during irradiation of a NaCl crystal with 1 MeV helium ions»
(a) shows energy spectra, and (b) shows multi-scaled spectra from 6 
scalers collected during the same time interval.
During irradiation, the sampling rates within and between 
records were varied to obtain a balance between the accuracy of 
individual observations and the rate of change in the quantities being 
observed. The optical absorption of the crystal throughout an 
irradiation was monitored by the transmission of light in the F-centre 
band. Since the initial rate of creation of F-centres is very rapid 
(see Chapter 3, section 3.1), short sampling times were used at this 
stage; each record lasted 1 minute, during which period the scalers 
were read 400 times. After 20 records, the sampling time was doubled 
for the next 10 records, and then doubled again to 4 minutes per record 
for the rest of the irradiation. The light source was on continuously 
but the ion beam was removed, for about half a minute, between the first 
30 records. Thereafter, the beam also remained continuously on the 
crystal, and the interval between the 4 minute records was gradually 
lengthened.
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To get quantitative relationships between different records, 
average values for some particular observations must be established.
The beam monitor spectrum and an integrating scaler enables time to be 
converted to dose; the calibration of the beam monitor has been 
described in section 4.4.1, The spectrum of beam monitor counts permits 
all other spectra to be normalized to a standard dose increment. The 
integrating scaler gives the basis for records, or parts of records, to 
be referred to the accumulated dose on the crystal. After dose 
normalization, the scattered particle spectra and the transmitted light 
spectra require further normalization to derive values of Xm^n anc^  
optical density respectively. Establishment of the normalization 
constants will be described in sections 4.6.1 and 4.6.2, and procedures 
for monitoring their constancy will be discussed in section 4,6.3,
4„6,1 Normalization of Particle Spectra
By the time the irradiation had reached a total dose in excess 
of 10 ions cm , the rate of change with dose of the quantities being 
observed when the crystal was in a channeling direction had become very 
small. It was considered that no significant change in these quantities 
would result if the crystal was then occasionally moved away from the 
channeling direction for short periods. Two kinds of "off-axis" 
measurements were made, namely to obtain a back-scattered yield 
representing that from a "random direction in the crystal", and to 
confirm the laser alignment of the channeling axis.
When the alignments of all axes of the crystal are known, a 
"random" direction can be defined as one which does not coincide with a 
low index axial or planar direction, i.e. the back-scattered yield near 
this direction does not give a channeling dip. The laser alignment 
method does not give any information of the crystal orientation in the 
plane parallel the cleaved crystal face. It was therefore decided that 
we would define the random yield to be the average yield measured while 
the crystal traversed around an 8° square concentric with the normal to 
the face. A spectrum of the yield measured in the foregoing manner is 
shown in Figure 4,15 together with a spectrum obtained when the crystal 
was aligned. The ratios of the aligned yield to the random yield for 
the same particle energy give values for ^  at various depths in the 
crystal.
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Figure 4.15: Spectra from a channeling and a random direction in a NaCl
crystalo The incident helium ion energy was 1 MeV and the axial 
channeling direction was <100)o
4.6.2 Normalization of Optical Absorption
The Heath monochromator (Figure 4.5) monitored the intensity 
of the light source at the wavelength of the peak of the F-centre 
absorption band. The wavelength was determined from eq. (2.51), which 
was 4700 X for NaCl. Counts from this monochromator were accumulated in 
a scaler (Figure 4.9) and a typical record is shown in Figure 4.14(b),
The range of the McPherson monochromator was from 3000 X to 
7000 &o The range was limited at the lower end by absorption in a glass 
component of the system and at the upper end by the response of the 
photocathode. Monochromator scans of the intensity of light transmitted 
through a target crystal were made before an irradiation and at its 
completion. The results for a NaCl crystal are presented in Figure 4.16.
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Figure 4.16: Intensity of light transmitted through a NaCl crystal.,
The upper curve is before irradiation, and the lower curve after 
irradiation.,
The change in optical density resulting from irradiation is 
defined by the logarithm of the ratio of the transmitted intensity 
before irradiation to that after the crystal has been damaged. The 
variation of optical density with wavelength for a NaCl crystal is given 
in Figure 4.17.
Measurements of optical density over a range of wavelengths 
were not made during irradiations because each scan took 40 minutes to 
perform and during this time considerable changes in optical density 
could occur. , During an irradiation the light transmitted at the peak of 
the F-centre band was measured,, Figure 4„18 shows the changes in its 
transmitted intensity at the start of an irradiation. Successive points 
on this curve are 0„15 seconds apart. For this particular crystal, the 
optical density during irradiation would have been evaluated relative to 
the mean number of counts in the first fifty channels, indicated by the 
solid line in Figure 4,18»
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Figure 4.18: Intensity of light transmitted at 4700 A through a NaCl
crystal during 12 seconds before and the first 48 seconds after 
irradiation by 1 MeV helium ions commenced.
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4.6o3 Monitoring Equipment Performance
These studies of the accumulation of damage required 
continuous operation of the equipment for periods of 3 to 4 days during 
which some 100 to 200 data records were collected. To estimate the 
reliability of the data, methods of evaluating the stability of the 
accelerator and electronics were investigated. Continuous monitoring 
was necessary to enable malfunctions in equipment to be detected and 
identified, and to confirm the stability in order to interpolate various 
quantities which could only be measured occasionally.
When irradiations were not in progress radioactive sources and 
pulse generators were used to observe the responses of various 
subsystems under "steady-state" conditions and to check the linearity of 
the pulse-height analysers. The results, and the selection of 
quantities which were deemed suitable for monitoring performance, have 
been described in appropriate places earlier in this chapter, mainly in 
section 4.40 While data collection was in progress any of the current 
spectra or spectra from previous records, such as those in Figure 4„14, 
could be displayed on demand. Examples of unacceptable behaviour 
revealed by the monitoring systems include the registration of periodic 
bursts of counts in the optical system, and distortion in the X-ray 
spectrum. The former was found to be due to a faulty thermostat in an 
adjacent laboratory, while the latter was identified as a microphonic 
response in the X-ray detector head. This manifested itself as 
fluctuations in both multiscaled spectra accompanied by distortions in 
the energy spectrum which not only degraded the widths of X-ray peaks 
but also gave many counts at energies too low for X-rays to be 
transmitted through the beryllium window,.
Stability was necessary for interpolation of incident particle 
dose, scattered particle yield for a "random" direction in the target 
crystal, and for the conversion of the transmitted light observations to 
optical density. The ion-beam energy and position stability were 
monitored by the magnetic field meter and the distribution of currents 
around the collimating apertures respectively, and the electronic 
stability was checked by re-calibrating the beam monitor system at 
intervals throughout the experiment (sections 4.1.6 and 4.4.1). 
Normalization of the back-scattered particle spectra was carried out by 
assuming that the average "random" yield was constant during irradiation.
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Eight measurements of the random yield were made at particle doses of 
2 X 1016 and at 2*1017 particles cm"2; the variations within each group 
of measurements were 5%, and the means were within the same range. In 
the case of optical absorption, the transmitted light intensity for an 
unirradiated crystal can only be measured once, i.e. in the first record 
for each crystal (see Figure 4.18)„ For the remainder of the 
irradiation, this reference value was scaled proportionally to the 
observed light monitor spectra.
No continuous monitoring method for the X-ray system was 
devisedo In Figure 4.14, both of the multiscaled spectra for the 
characteristic X-rays show violent fluctuations in the first 200 
channels« This behaviour was not traceable to microphonics or any other 
malfunction of the equipment, but appeared to be typical for many 
crystals at a particular level of radiation damage. This point will be 
discussed more fully in Chapter 6.
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CHAPTER 5 
DATA ANALYSIS
To permit comparison with other workers' results physical 
parameters have been extracted from the experimental data collected by 
the methods of Chapter 4. The way in which this was done will be 
described in this chapter.
The cumulative dose of damaging ions has been chosen as the 
principal dependent variable for the presentation of results. For 
theoretical descriptions of the processes involved in the passage of 
ions through matter, the depth in the medium is an important parameter. 
However, for the quantities which have been observed in these 
experiments, depth is an ill-defined variable. Values of Xm^n can be 
obtained for each scattered-particle energy, so approximate estimates of 
depth are possiblec The region within which the observed X-rays are 
generated is smaller than the maximum depth of penetration of ions, 
whereas the optical density is an average over the whole of the 
irradiated range.
Sections 5.1 and 5.2 show how estimates of depth can be made 
for scattered particles and for X-rays. Sections 5„1, 5.3 and 5.4 
explain how the dose dependences of , characteristic X-rays, and
optical density have been derived. Finally, section 5.5 discusses the 
appearance of the surface of NaCl crystals which were damaged by various 
doses of helium ions, and relates this to prominent features in the 
variation of Y . .
5.1 DERIVING DOSE AND DEPTH DEPENDENCE OF
From the energy of a scattered particle, the depth to which 
the particle had penetrated can be estimated if the stopping power of 
the medium is known for channeling and other directions. Some 
uncertainty arises from assumptions about the direction and distance
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travelled between two major different scattering processes, and further 
ambiguity can arise if the medium contains atoms of different masses.
Practically all of the projectiles that are observed in a 
backward direction have undergone a single nuclear collision which 
scattered them through a large angle. In channeling studies, it is 
conventional to convert the observed energy to a depth by assuming that 
the stopping power is isotropic and that the trajectory of the particles 
consists of two straight segments at an angle equal to the angle of 
observation. This convention has been followed in the present work to 
associate values of with different depths in the crystals. Even
though the energies of back-scattered particles can be measured 
accurately, depths calculated according to the convention can be 
ambiguous as well as uncertain. This can be illustrated by references 
to Figures 5.1 and 5.2.
Figure 5d: Energy spectra of 1 MeV helium ions scattered at 160° from
a NaCl crystal»
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Figure 5„1 shows an energy spectrum of particles scattered 
from a NaCl crystal oriented in a random direction. It has two steps at 
energies near 650 keV and 500 keV. These correspond to scattering by 
chlorine and sodium nuclei at the surface of the crystal. Between the 
steps the particles can only have scattered from sub-surface chlorine 
nuclei, but under 500 keV they may have scattered either from chlorine 
nuclei at a considerable distance below the surface or from sodium 
nuclei just below the surface. In principle, if the energy dependencies 
of scattering cross-sections and stopping powers were known well enough, 
the contributions to the energy spectrum from nuclear scattering at 
chlorine and sodium ions could be unfolded. In practice this is rarely 
done, and depth determination remains ambiguous.
Figure 502: Path of a back-scattered particle.
Figure 5„2 is a diagram of trajectories for particles which
become scattered in a backward direction. The path consists of three
essentially straight segments: a particle travels in the channel until
it is dechanneled by scattering through a small angle larger than 4^  ,
"2
continues until it is scattered from a nucleus through a large angle, 
and proceeds back towards the surface of the crystal. Since the second 
segment is in a generally forward direction, the distances travelled 
until the nuclear scattering occurs and the scattering angle are 
practically the same for particles dechanneled at different depths„ If 
the rate of energy loss is the same for the channeled and non-channeled 
segments, then the convention for converting observed energy to depth
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gives correctly the maximum depth of penetration by the particles. But 
suppose the stopping power in a channeling direction is less than that 
in other directions, then the convention underestimates the depth for 
those particles which travel further in the channel before becoming 
dechanneledo Since the stopping powers are not the same, the convention 
depth represents a range of depths spread more widely than corresponds 
to any uncertainty in the observed energy0
When interpreting Xm^n curves, it is tempting but incorrect to 
identify the depth with the probability of dechanneling at that depth, 
has contributions from dechanneling at all lesser depths.
To evaluate depth from the detected energy, eq. (2.10) was 
expressed in the following form:
Edet k(6)
rx 1„ scatt dE _E - I —  dxdxo scatt
dE dx 
dx cos 0 ' (5 o 1 )
for a normal incidence beam scattered through the angle 0 at the depth 
x , and k(0) is the kinematic factor for elastic nuclear scattering
defined in eq. (2„9). To find the stopping power, dE/dx, for helium 
ions in alkali halides, eq. (2.8) was used. Electronic stopping powers 
for the different elements were taken from the tabulation of Williamson 
et at. [Wi 66]. Brice [Br 72] has derived a three parameter 
interpolation formula for monatomic media. It was found that a four 
parameter modification of his formula was able to reproduce the energy 
dependence of the stopping powers of alkali halides, A non-linear 
least-squares fitting procedure [Ha 69] was used with the following 
function:
S(u)
A\ £h 30 £ + 83 £ + 74 £ + 213(1+ £)3 1 h10 £ + 1 I arctan £
1 + (Bu)
(5,2)
where u = /2E/M1 and £ = u 2/4D2. A, B, C and D are the four parameters 
which were fitted«. Their values are given in Table 5.1, and the 
stopping power curves are shown in Figure 5,3.
Depth scales, evaluated from eq. (5,1) and the stopping power 
curve for NaCl, for back-scattered particle spectra are shown in 
Figure 5.4. The two lower curves were obtained when the crystal was
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Table 5.1
Values of parameters for the stopping power curves of alkali halides0
^ ^ \ P a r a m e t e r
Crystal A B C D
NaCl 0,411 0.405 3.101 2.255
KC1 0o 377 0.411 2.982 2,301
KBr 0.285 0,413 2.916 2,354
KI 0.277 0.409 2.850 2,718
NaBr 0o 306 0,411 2,956 2.394
2000 2500
ENERGY(K*V)
Figure 5.3: Stopping powers for helium ions in alkali halides. The
circles are calculated values and the curves represent the fitted 
interpolation formula.
aligned to the (100> direction for two different doses. The upper curve 
was obtained with the crystal turned away from the <100} direction. For 
each depth and dose, can be obtained by taking the ratio of the
yields for the aligned and random orientation:
Y (depth) ch
random
(depth) (depth)
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Figure 5.4: Depth spectra of 1 MeV helium ions scattered at 160° from a
NaCl crystal„ The depth scales were derived from the energies of 
Figure 5.1 by means of the convention described in the text.
Curves obtained in this way are shown in Figure 5.5 for seven doses 
between 1014 and 1017 ions cm 2.
Figure 5.6 gives the variation of Xm^n with dose for a 
particular depth, and it typifies the method of presentation of the 
results of these experiments. Curves of this type will be presented 
later for different depths, different temperatures, and different alkali 
halides.
Some characteristic features, which have been seen in many 
Xmin curves for different NaCl crystals, can be seen in Figure 5.6.
Initially Y increases with dose, reaching a maximum (near 1016 ions
—  ocm ), after which it decreases. At a much higher dose (beyond 
2 x 10 ions cm ), x increases and decreases in a very erratic 
manner. For different NaCl crystals the initial increase, peak, and 
decrease, are reproduced at corresponding doses, but the jumps in Xm^n 
at high doses could be of very different magnitudes and no correlation 
with dose was apparent.
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DEPTH IN MICRONS
Figure 5.5: The variation of Xmin with depth (Cl scale) for a NaCl
crystal damaged with various doses of helium ions cm 2„
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Figure 5.6: Variation of Xmin with helium ion dose for a chlorine depth
of 0o22 )J0
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5.2 AVERAGE DEPTH FOR X-RAY PRODUCTION
For the X-rays no directly depth dependent observation was 
possibleo However, from a knowledge of the energy dependence of the 
production cross section, absorption rate, and the dechanneiing rate, it 
can be shown that most of the X-rays come from a fairly shallow 
sub-surface region. The yield of X-rays produced at depth x can be 
expressed as
Y (x) dx = F(x) NdxG(E(x)j e tJX//cos (5.3)
where F(x) is the flux at depth x of dechanneled particles, G[E(x)) is
the probability for production of X-rays by a particle of energy E(x),
—ux/cos 0and e is the fraction of X-rays that emerge from the crystal in
the direction 0.
Equation (2.18) shows that the cross section is proportional 
to E . By a procedure similar to that discussed in section 5.1, a 
relation between depth in the crystal and the residual energy of a 
particle can be determined,, The absorption coefficient y was evaluated 
from the expression quoted by Budylin and Vorob'ev [Bu 64] for a 
diatomic compound:
_ 9 2 58 A,Z,2 °58 + A_Z„y = 1o95 x 10 2 A2* p —  1 2 2
2.58
Ai + A2 (5.4)
where A is the wavelength of the X-rays in angstroms, and p is the 
specific density. The flux of dechanneled particles can be estimated 
from curves.
To get an idea of the distribution with depth of observed 
X-rays, equation (503) was evaluated for 1 MeV helium ions in NaCl, 
observing the X-rays at an angle of 135°. Figure 507 shows the 
distribution for a dechanneled flux which increased linearly with depth 
from 2% of the incident beam at the surface of the crystal to 20% at a 
depth of 1 micron. This dechanneling rate corresponds approximately to 
the Xmj_n curve for the lowest dose shown in Figure 5.5. For higher 
dechanneling rates the distribution curves shown in Figure 5.7 increase 
in area and their centroids move towards zero deptho Hence as Xm.- 
increases and decreases during irradiation one would expect to observe 
increases and decreases in the yield, and the mean X-ray depth will move 
towards and away from the surface.
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Figure 5.7: X-ray depth distribution. Distribution of the observed
number of K X-rays produced at different depths in NaCl crystals 
50% of the X-rays are produced between the surface and the depth 
indicated by the broken lines.
5.3 DERIVING THE DOSE DEPENDENCE OF X-RAYS
The intensities of characteristic X-rays were estimated by a 
non-linear least-squares procedure which matched the observed spectrum 
with an experimental formula» The formula is a synthesis of X-ray 
lineshapes modified by terms loosely identifiable with properties of the 
detector and response functions of electronic circuits. The yield, for 
an energy E, was given the form
Y(E) = n(E) f S P  (E)+B(E)1 , (5.5)I »  " J
where r|(E) represents the detector efficiency, P^(E) is a lineshape for 
a characteristic X-ray, and B(E) is a slowly varying background term, 
assumed to be associated with electron bremsstrahlung»
75
By fitting many spectra from different alkali halides a common 
self-consistent set of parameters was established for the detector 
efficiency and the forms of the lineshape and background functions.
Each observed spectrum could then be fitted to obtain the intensities of 
the X-ray components.
Low energy X-rays were attenuated by the beryllium window in 
front of the detector. A manufacturer's data curve gave typical values 
of the efficiency as 0.001 at 0.5 keV, 0.4 at 1.0 keV and 0.95 at 
2.0 keVo The efficiency above 20 keV decreases because of the limited 
thickness of the Si(Li) detector. Between 0„5 keV and 5.0 keV, the 
energy range of this work, the efficiency was described by the function
f(E-A0)]A2
0(E) = 1 - e  ^ Al J . (5o6)
Values for the parameters A 0, A x and A2 were found from the examination 
of many spectra0 They gave an adequate representation of the actual 
detector efficiency,, The fitted value for A 0 was the same as the zero- 
energy channel found by extrapolation from the positions of X-ray peaks.
The energy dependence of the background was found to be
B (E) = B 0 e BlE . (5.7)
For each spectrum, B0 and Bj were evaluated from two parts of the 
spectrum far from any peaks.
The function chosen for the characteristic lineshape was 
gaussian. Distortions due to instrumental effects were taken into 
account by a skew term and the addition of a tail on the low energy side 
of the peak:
P (E)
(E - E )_____ n
0.36 W2 f
e n 1 - S
E - E ' n
0 o 85 W
(E - E ) 2 ] n |
+ THn
0.36 W 2 G2 *
i nl - e
l n J J l J
D (E - E ) n
(5.8)
E , H and W are the centre, height and full width at half maximum of n n n
the gaussian peak„ S is the skewness parameter„ The tail, of 
fractional height T, was only evaluated for energies less than E^; at
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large distances from the peak the tail decreases exponentially while 
near the peak the parameter G gives a smooth transition on to the 
gaussian linec
The examination of many spectra enabled the non-gaussian 
parameters of this lineshape to be fixed. The skewness was zero, and 
the tail was 5% of the peak area„ It was also found that peaks had the 
same width. Double peaks from the same atom such as K and K, lines, 
were poorly resolved (e„g. see Figure 4«14(a)). They were handled by 
using their known energy separation, and using a constant ratio for the 
K0 intensity relative to the stronger component; this ratio was 
10% ± 2% throughout the observed spectra.
After the preliminary analysis, each spectrum was fitted to 
extract the intensities of the lines and the background,, The width and 
peak positions were also allowed to be free parameters in order to get a 
post-experiment check on the performance of the detector« The fit to a 
low-yield spectrum is shown in Figure 5.8; such fits were obtained for 
all data records of each irradiation. The net result of this complex 
procedure was to produce estimates of X-ray intensities which were 
virtually the same as those obtainable by placing a ruler on the 
spectrum plot to measure the height of each peak above an interpolated 
backgroundo However, the consistency of the fits gave confidence that
No X-RAY 
1041 KeV
Cl X-RAY
Ka 2 622
2 815
200 ;
CHANNEL NUMBER
2 0
ENERGY (KeV)
Figure 5.8: A fitted X-ray spectrum. The full line is a fit of
eq« (5<>5) to the experimental points«
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Figure 5.9: Variation of X-ray yields during irradiation of a NaCl
crystalo The intensities are the areas extracted from the observed 
spectra using the fitting procedure described in the textQ The 
background is the integral from 0.9 to 3o0 keV0
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unexpected changes in X-ray intensities were not due to unreliable 
experimental techniques.
The intensities of characteristic X-ray peaks and the 
continuum background during an irradiation of a NaCl crystal up to a 
dose of 2 x 10 helium ions cm are presented in Figure 5« 9. Below 
5 X 1015 ions cm-2 the numbers of counts in the spectra were small and 
the intensity fluctuations correspond to the counting statistics. At 
higher doses, even when the numbers of counts were much larger, the 
large changes in intensity from point to point are extremely significant.
At an early stage in these experiments, unexpected large 
changes in an<3 X-ray yields were noticed« It was considered
possible that they might be due to non-uniformity of the incident ion- 
beam density across the lc4 mm square irradiated area of the crystal, 
even though the optics of the beam transport system made this unlikely. 
If a high density part of the beam occasionally jumped to another part 
of the target area, it would be equivalent to jumping to a lower dose 
part of the yield curves. This possibility was investigated by 
performing an irradiation during which the beam was continuously swept 
over an area equivalent to a 1 cm square target spot by means of a 50 Hz 
alternating magnetic field. The anh X-ray yields as a function of
particle dose showed unchanged behaviour, from which it was concluded 
that any non-uniformities in the incident ion-beam were too small to 
have an observable effect. The large and rapid changes of X-ray counts 
(e.g. Figure 4014(b)) could not have been due to a microphonic response 
in the detector (Chapter 4, section 4o603), because the accompanying 
total X-ray spectrum (Figure 4.14(a)) showed no deterioration.
5 o 4 VARIATIONS IN OPTICAL DENSITY
In Chapter 4, section 4.6, the sampling procedures for 
recording data were outlined, and in section 4«6.2 the method for 
obtaining the optical density at the peak of the F-centre band was 
explained« Because the number of F-centres changed rapidly at the 
beginning of an irradiation, the recording intervals were very short, 
and the ion-beam was not on the crystal between records, but the white- 
light-source did remain on«
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A typical result of the changes in optical density during the 
first 1% of an irradiation is shown in Figure 5„10. This data spans the 
first four records. The half-minute breaks between the one minute 
records can be seen at doses of 9 X 1013, 2 x 10i4 and 4 x iOlt+ ions cm 20 
The effect of the light during the non-irradiation periods results in a 
10% decrease in the optical density data due to bleaching of F-centres. 
When the irradiation recommenced, the bleached F-centres were restored 
in less than 10 seconds, after which the optical density followed the 
pre-break trend. The laser beam which was used for crystal alignment 
can bleach all the F-centres "instantaneously", so a re-alignment of the 
crystal at any time by the laser technique was not possible.
DOSE (PARTICLES/cm2)
Figure 5.10: Optical density versus dose. The optical density at
4700 Ä of a NaCl crystal irradiated by 1 MeV helium ionsD
5.5 OPTICAL MICROSCOPE EXAMINATIONS OF DAMAGED CRYSTALS
The surfaces of a freshly cleaved NaCl crystal and ones which 
had been bombarded with doses of 5.5 x 10x 4, 8.5 x 1015, 4„1 x 1016 and
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Figure 5.11 a-e: Photographs of surfaces of irradiated NaCl crystals0
(a) zero dose; (b) 5o5 xi014 ions cm-2; (c) 8.5 x1015 ions cm"2;
(d) 4 1  x1016 ions cm-2; and (e) 3 x 1017 ions cm"2,
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1 7  —  o3 x 10 ions cm were examined under an optical microscope with 
various magnifications up to 200Xo Low magnification photographs of the 
irradiated areas are shown in Figure 5.11 a-e. The doses were chosen 
with reference to Xm^n curves of other NaCl crystals at room temperature0
For the freshly cleaved and least damaged crystal very few 
imperfections were observed. At the dose of 8,5x 1015 ions cm-2, 
parallel straight lines, 0.1 mm apart, were seen within the irradiated 
area. At 4.1x io16 ions cm 2, the surface exhibited several relatively 
large patches of a slightly darker colour with irregular boundaries, 
that suggested a "peeling skin"0 If these were in fact sections of the 
surface becoming separated from the body of the crystal, they were very 
thin, < Ool M, and the absence of interference fringes indicated that 
they were still close to the surface. At higher magnification,
Figure 5. Ilf, some degree of polygonization was also apparent,,
Figure 5„llf: Magnification of Figure 5.lid.
Figure 5.lie shows the surface for the highest dose. Inside the 
irradiated area there were several large fragments, and the boundary was 
generally buckled and fractured. A high magnification view of a corner 
of a fragment is shown in Figure 5.11g0 Between the fragments the 
surface of the crystal was cleaner than that of a freshly cleaved 
crystal and 7 microns lower than the outside surface of the fragment,
The "random" range of 1 MeV helium ions in NaCl is 5.3 microns.
82
Figure 5dlg: Magnification of Figure 5Jle.
Clearly, at a dose of 3 x 1017 ions cm 2 on a NaCl crystal at 
room temperature, the irradiated part of the crystal has shattered,, 
This has been associated with the random changes in » seen in
Figure 5.6, for doses in excess of 2><1017 ions cm 2,
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CHAPTER 6
DISCUSSION OF RESULTS
In this chapter the experimental observations of the relative 
yield of the back-scattering process, the production of X-rays and the 
transmission of light through alkali halide crystals and their 
dependence on the dose of 1 MeV helium ions are presented. The main 
emphasis is placed on damage studies in NaCl, and primarily the 
experiments performed at room temperature are described. From the 
observations of these experiments a damage mechanism is proposed that 
qualitatively relates the three different types of experimental 
observations. Experiments are presented that indicate the dependence of 
the damage process on temperature, dose-rate, and the type of alkali 
halide crystal. These aspects are compared to the behaviour suggested 
by the proposed mechanism.
6.1 DAMAGE OBSERVATIONS IN NaCl AT ROOM TEMPERATURE
To follow the dependence of damage on dose, about 200 groups 
of measurements were performed during an experiment. The first twenty 
measurements were of a duration of 1 minute, each containing 400 samples. 
This had been found necessary because the initial rate of F-centre 
creation was very rapid. This introduced a statistical variance in the 
normalized back-scattered yield of ± 3%„ The following ten observations 
were of two minute duration, and the remaining were four minute 
measurements.
In Figure 6.1 the dependence of on dose, resulting from
the back-scattering of helium ions from five different depths in a NaCl 
crystal are shown. The particle dose rate was 1.5*10 ions cm sec 
Three of the curves are marked with two depths, for reasons which have 
been discussed in section 5.1 of Chapter 50 Extrapolation of the curves 
to the surface for zero dose gave Y • (0) % 4%„ This is in good
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Figure 6.1: Variation of Xmin with dose of 1 MeV helium ions for five
depths in NaCl at 300 °K„
agreement with the value of 4% observed by Hollis [Ho 73a] and also with 
the theoretical value of 4.5% calculated from equation (2.31) « The 
anomalous behaviour of x ^  for large doses, that was originally 
observed by Hollis, can be seen in Figure 6~1 for doses > 6 *  1015 ions 
cm-2. It is seen that the maxima of the curves move to lower doses for 
increasing depths, presumably because the rate of energy-loss increases 
as the particles penetrate deeper into the crystals Price [Pr 73] 
undertook similar measurements of back-scattered yields using protons 
and deuterons for doses up to ~ 10 ions cm , however he did not 
observe a reduction in Xm^n f°r large doses. This may be due to the 
much smaller stopping power for hydrogen ions, so that proportionally 
larger doses would have been needed to see the reduction in Xm]^ n than 
are needed for helium ions.
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Simultaneously with the measurement of the back-scattered 
yield, the optical density of the crystal versus dose was also examined. 
This is shown in Figure 6.20 Basically it indicates three stages in the 
variation of the F-centre density: a fast rise from zero to 2»2 at 1015
ions cm , then little change up to 10 ions cm , followed by a slower 
increase to about 3 at about 10 ions cm . ^  reaches a peak at
1 5 * ~24 x 10 ions cm , a somewhat larger dose than that at which the optical
Cl X-RAY YIELD  (AR BITR AR Y UNITS)
, O, Q
DOSE ( PARTICLES /c m ^  )
Figure 6.2: Dose dependence of optical density at 4700 Ä, Xmin at a
depth 0.2 y, and chlorine X-ray yield from 1 MeV helium ions on a 
NaCl crystal at 300 °K„
density becomes steady. However the optical density is an average over
the total range of the incident ions and will be weighted towards the
maximum depth in the crystal because of the shape of the Bragg curve
(Figure 2.1). The x ^  data in Figure 6.2 is for a depth of 0.2 ij, but
Figure 6.1 shows that the peak in occurs at decreasing doses as the
depth of observation increases to 1 y. Extrapolation of this trend from
1 p to the total range of the helium ions, i.e. greater than 5 y,
suggests that for the same depth in the crystal, the maximum in X •min
saturation in the optical density occur at very nearly the same dose,
and
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Hollis [Ho 73a] suggested that the decrease in ^  after 
reaching a peak might be due to clusters of colloidal sodium near the 
surface. Comparison of Figure 6.1 with Figure 5.9 shows that both the 
sodium and chlorine X-rays change erratically in this dose region, even 
though Xm^n i-s decreasing steadily. The X-ray spectra of Figure 4„14(a) 
and Figure 5.8 show that changes of intensity by as much as a factor of 
10 can be sustained over 4 minute intervals. Figure 4.14(b), for which 
the counts were recorded for 0.6 second intervals, shows that they can 
also be very rapid. Moreover, the changes are strongly correlated and 
the ratio of the intensities of the sodium to the chlorine X-rays, shown 
in Figure 6„3, has a generally downward trend from the start of an 
irradiation, even though the fluctuations are not completely removed. 
Figure 5.7 shows that the mean depth of the observed X-rays is less for 
sodium than for chlorine. Hollis' suggestion about sodium clusters near 
the surface would appear to imply a trend in the ratio of X-ray 
intensities opposite to that seen in the present work.
6c2 PROPOSED SEQUENCE OF THE DAMAGE PROCESS
Correlation of data, of the type depicted in Figures 6.1 and 
6c2, for several NaCl crystals showed that the curve turned over at
about the same dose as that at which the X-ray yield began to fluctuate 
and the optical density stopped increasing0 Any mechanism proposed for 
radiation damage should explain this correlation and also the decrease 
in Xm^n' ^ e  general increase in X-ray yield as well as the greater 
increase from chlorine than from sodium, and the saturation and later 
increase in optical density.
Pooley [Po 66b] studied the F-centre process in proton 
irradiated alkali halides. He observed a saturation effect, which he 
attributed to an equilibrium being reached at a specific concentration 
of F-centres. At this level the annihilation of newly created Frenkel 
defects is assured; the net result of continued creation of Frenkel 
defects is a redistribution of the positions of F-centres. For 
temperatures above 77 °K he assumed that the F-centres were immobile, 
the halogen interstitials were mobile, and those interstitials which did 
not participate in the recombination would diffuse through the crystal 
to sinks.
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Figure 6.3: Ratios of the X-ray yields from Figure 5.9
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Hollis deduced from his observations that the decrease of Y •m m
for large doses could not be due to a simple annealing process. If, as 
pointed out by Pooley, only single interstitials and vacancies are created, 
and if one associates with the density of single interstitials in
much the same way as the F-centres are associated with vacancies, and 
also interprets simple annealing to mean the recombination of 
interstitials with vacancies, then would saturate as the F-centres
do. Hobbs et at. [Ho 73] have observed in direct electron microscopy 
that interstitials aggregate, even at very low temperatures, to form 
defect clusters. Aggregation began at electron doses corresponding to 
those generally known to give F-centre concentrations approaching 
saturation. At higher doses the aggregates interacted with each other, 
mainly forming loops which elongated along < 100> axes,
A mechanism to explain the behaviour of the yield of the 
close-encounter processes observed in this work may be envisaged on the 
basis of the F-centre production mechanism proposed by Pooley, combined 
with the experimental evidence about the occurrence and properties of 
point defect aggregates. Interstitials could also be produced by direct 
"knock-out" of atoms from both anion and cation lattice sites, but the 
energy required for this process is, on average, five times as great as 
that needed for the Pooley mechanism (section 2.3.4), which operates via 
electron interactions,, Except near the end of the incident ion-range, 
most of the energy-loss is transferred to the crystal by electron 
interactions (section 2d), hence the Pooley mechanism is regarded as 
the dominant damage initiating process. The ionizing radiation releases 
electrons which are captured by existing halogen vacancies to form 
F-centres, and produces interstitials and more F-centres via the Pooley 
mechanism. The products are F-centres and single halogen interstitials 
which form complexes, such as V 3-centres [Ho 73]. These complexes can 
combine and transform into dislocation loops, which are efficient sinks 
for interstitial defects.
Initially the interstitials that are created and not 
annihilated by the associated vacancies cannot remain as stable simple 
interstitial point defects at room temperature [Ho 73]. They must 
diffuse between lattice ions, i.e„ along channels, until they are 
trapped at dislocations already in the crystal or form complexes with
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other interstitials which continue to migrate through the crystal. Thus 
the channels are "plugged" and the dechanneling of the incident beam 
will increase, giving an increase in yield of close-encounter processes, 
such as back-scattering or X-ray production. On account of the flux 
peaking phenomenon, interstitials situated near the centre of a channel 
will have a higher efficacy for dechanneling than ones situated in the 
vicinity of the walls. At the same time one will see an increase in the 
F-centre absorption which indicates the presence of the defect 
complementary to the interstitial0
The decrease in Y is identified with the second stage of 
irradiation, during which the diffusing interstitials gradually coalesce 
to form planar interstitial dislocation loops [Ho 73). A microscopic 
examination of the surface of a NaCl crystal at this stage showed 
polygonization had developed (Figure 5.Ilf), which Teodorescu and 
Arsenovici [Te 72] associated with dislocations, resulting from 
irradiation of NaCl. The effect of these dislocation loops on 
dechanneling will manifest itself at the ends of the dislocations. When 
a loop grows by accommodating interstitials from its vicinity, the 
dechanneling from the interstitials disappears but that from the loop 
does not change. For those dislocation loops parallel to a channeling 
direction, Van Vliet [VI 70, and section 3.4.3] estimated their 
dechanneling efficiency to be about 50%„ The bulk effect of the 
dislocations could be to reduce x ^ n by a much greater fraction than 
this, because of the neighbouring channels which are no longer "plugged".
The X-ray yield during the first stage of the irradiation 
increases in a similar way to the increase in the number of back- 
scattered particles, as would be expected if both are due to close- 
encounter processes following dechanneling. However, during the second 
stage while is decreasing steadily, the numbers of X-rays which
were observed increased and decreased by large factors and the changes 
could be very rapid (section 6.1). Within the limitations of the 
present experiment, the X-ray data cannot be reconciled with the 
evolution of damage in the crystal because the X-ray production cross 
sections from interstitials that are aggregating or have aggregated into 
clusters and dislocation loops are not known. During aggregation there 
could be local effects near the surface, so the X-rays are not affected 
by absorption, which enhance significantly the observed X-ray yield but
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are not seen in Y_^n because the counting rate of particles back- 
scattered from the 1.4 mm square beamspot was very low, Changes in 
X-rays yields which were sustained for relatively long times might be 
associated with the "peeling" of very thin surface layers (section 5.5) 
after aggregation, and also with changes in Y _^n which, although small, 
were larger than expected from counting statistics.
At doses larger than that for F-centre saturation the Pooley 
mechanism is no longer a source of additional interstitial anions, 
although the transformation of existing interstitials into loops will 
continue. Processes which were initially less important than the F- 
centre mechanism continue to produce interstitials, probably involving 
both anion and cation lattice sites.
At very high doses the number of these interstitials can 
become comparable to the number created by the Pooley mechanism. The 
anion interstitials become included in the earlier loop transformation 
processes. No experimental evidence for similar processes concerning 
cation defects has been characterized, possibly because irradiation with 
doses several orders of magnitude larger than F-centre saturation dose 
is required. Whatever the nature of the defects produced by this 
process, continued irradiation must eventually result in an increase in
^min*
Eventually the strain in the crystal, resulting from the high
density of defects or the concentration of the implanted helium ions,
gets so large that the crystal cannot accommodate any further damage and
17 17 “ 2it shatterso In Figure 506, between 10 and 2 x 10 ions cm , there 
are signs of a gradual increase in (although it is not obvious on
the logarithmic scale) before it starts the erratic behaviour associated 
with the breaking up of the crystal.
All of the long irradiations of NaCl showed an increase in 
optical density at high doses above the F-centre saturation level. 
Several possible explanations can be envisaged. There could be a break 
down in the mechanism which was previously limiting the F-centre 
concentration, or the F-centres become able to transform into other 
centres which absorb at the same wavelength, e,g„ F'-centres, while the 
irradiation maintains the F-centre saturation level. If the mean range 
of ions channeling in a near perfect crystal is appreciably greater than
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that when there is a high dechanneling rate, the terminal depth of the 
ions will vary as increases and decreases. Early in an irradiation
increases rapidly and the range of the ions correspondingly 
shortens. The F-centre saturation is achieved within the reduced range. 
As y decreases progressively more volume is available for further 
F-centre production. Alternatively the increases in optical density may 
not be due to absorption, but result from scattering of light by 
strained or heavily damaged regions at the end of the incident ion-range.
6.3 DOSE-RATE DEPENDENCE
Dose-rate dependence investigations were carried out on NaCl 
and KC1 at room temperature.
For four different NaCl crystals the rates were (105, 2.2, 3.0, 
and 9.0) x 1012 ions cm 2 sec 1. The only difference was in the data for 
the highest dose which showed a slight shift (10%) towards lower doses 
and has a slightly higher (~ 2%) maximum value of . These shifts
are not inconsistent with a slight change in room temperature, or a 
crystal misalignment of about 0.1°o Data from KC1 crystals for (1.5 and 
6.0) x io ions cm sec showed no observable difference.
6.4 DIFFERENT ALKALI HALIDE CRYSTALS
Hollis, Newton and Price investigated the anomalous behaviour 
of X . for three different alkali halide crystals [Ho 73b] . They 
observed the effect in LiF, NaCl and KC1 and found that the maximum of 
X ^  decreased and the corresponding dose increased in the named 
sequence.
Similar experiments have been carried out with NaCl, NaBr, KC1, 
KBr and KI crystals. The results are shown in Figure 6.4„ A peak is 
seen at a dose ~ 10 ions cm , which decreases in height in the order 
NaCl, KC1 and KBr. There may be a small peak in KI but not for NaBr. A 
summary of the peak characteristics is given in Table 6010 A second 
rise was seen for KC1 by Hollis et al0 [Ho 73b]. Figure 506 shows a 
similar rise at a similar dose for NaCl, however the rise is very close 
to the erratic fluctuations in r which have been associated with
breakup of NaCl crystals0
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Figure 6.4: Dose dependence of Xmin f°r five alkali halides Xmin
evaluated for a halogen depth 0.2 fi.
was
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Pooley [Po 66a] showed that radiation less electron-hole 
recombination could provide sufficient energy to initiate a replacement 
cascade, and create a stable vacancy and anion interstitial, Table 6.2 
gives the calculated replacement threshold energies for alkali halides. 
This shows that the Pooley process is not possible in LiBr, Lil and Nal, 
and may be marginal in LiCl, NaBr and KI.
Table 6,1
peak characteristics for alkali halides.
LiF NaCl NaBr KC1 KBr KI
Peak (%) 
Dose
60
~ 1015
40 
101 6
no peak 30
2 x 101 6
16
5 x io1 6
< 3
~ 4 x IQ16
Peak (%) is the increase observed in Xmin above the extrapolated 
zero dose value. The values are from Figure 6.4, except for LiF which 
has been reported in [Ho 73b].
Table 6.2
Two-body replacement thresholds (in eV units) for the alkali 
halides calculated with Born-Mayer parameters (from [Cr 68]).
F Cl Br I
Li 1.38
1i
! 4.68
i
CA)O0p- 12.7
Na 0.75 2.87
li
(6,8) !i 4.19 7.72
K 0,35 1.46 (6.4)
ii
2.28 (5,6)'
i
4.19 (4.9)
Rb 0.26 1.09 1.65 3,12
Cs 0,18 _ —
The numbers in parentheses are the calculated values of energy 
available for conversion into kinetic energy during a non-radiative 
decay transition. Values to the upper right of the solid line are too 
large to permit defect creation by Pooley's scheme, and the entries to 
the upper right of the dotted line appear to be marginal.
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The heights of the peaks occurring at doses near 1016 ions 
cm-2, shown in Table 6.1, are consistent with the implications of 
Table 6.2, based on the Pooley mechanism.
The data in Figure 6.4 indicate that other mechanisms become 
dominant at very high doses.
6.5 TEMPERATURE DEPENDENCE IN NaCl
NaCl crystals at temperatures of 80 °K, 300 °K and 470 °K were 
bombarded with 1 MeV helium ions at the same dose rates.
The dose dependencies of Xm^n f°r the depth 0.20±0.02 h are 
shown in Figure 6.5. The heights of the Y peaks are 33%, 40% and 64% 
for 80 °K, 300 °K and 470 °K respectively, and the corresponding doses 
are 7 X 1014, 8 x 101 5 and 1.2*1017 ions cm 2 „ As was discussed in
V  ■ 80* K
O  • 300* K
O = 470*K
X . 50
DOSE (PARTICLES/cm2)
Figure 6.5: Dose dependence of Xmin i11 Na<“l at temperatures of 80 °K,
300 °K, and 470 °K.
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Chapter 2, X is mainly determined by the amplitudes of thermal
vibrations. Using a Debye temperature of 281 °K [Ho 73a] the ratios of
the rms amplitudes for 80 °K, 300 °K and 470 °K are 0.34:1:1.65. The
observed ratios of the peak X • values are 0.8:1:1.6. The agreementm m
for the two higher temperatures is good but there is a large discrepancy 
for the lowest temperature. The relatively larger amount of 
dechanneling at 80 °K may be attributed to defects that are fairly 
stable at this temperature but very unstable at the higher temperatures. 
For example, Hobbs et at. [Ho 73] remark that both the H-centre (section 
2.3.2), and the I-centre (an interstitial halogen ion) are stable below 
about 50 °K; from their structure it is expected that both these 
centres could contribute to dechanneling from a (100) direction. Above 
ca. 150 °K V3-centres exist in comparable numbers to the numbers of 
F-centres. The present observations indicate that dechanneling by the 
V3-centres is less effective than that of the low temperature centres.
The yields of sodium and chlorine X-rays for the three
temperatures are shown in Figure 6.6. Bearing in mind the discussion in
section 6.1 about the spasmodic behaviour of the X-ray yields at doses
corresponding to the decrease in , the X-ray yields at different
temperatures follow the patterns of X • • The "random" yields marked inm m
Figure 6.6 appear subject to similar fluctuations as are seen for the 
channeling yields. This was also noticed in six other NaCl crystals at 
room temperatureo
The optical absorption at the three different temperatures is 
shown in Figure 6.7. At 80 °K the optical density rises to 2.3 at a 
dose of 8 X 1013 ions cm 2, whereas at 300 °K it rises to 2.8 at a dose 
of 1015 ions cm 2. Pooley [Po 66b] reported that the F-centre 
saturation level is essentially the same at 77 °K and 300 °K, and it 
occurs in the dose range (1010 to 1011) Jm-3, that is (3x 1013 to 
3 x 10 ) 1 MeV helium ions cm . The subsequent decrease in the optical 
density at 80 °K might be due to luminescence from other colour centres, 
such as the M-centre, formed from the original F-centres during the 
prolonged exposure to white light. The optical density for the 470 °K 
irradiation only rises to a low peak value of 0.7 at the same dose as 
the 300 °K irradiation. Again the low absorption may be due to 
transformation of F-centres into other centres. At doses greater than 
10 ions cm the density for all three temperatures rises, lending
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Figure 6.6: Dose dependence of X-ray yields, at temperatures of 80 °K,
300 °K and 470 °K. The horizontal lines are the yields measured in 
a "random" orientation at doses indicated by the arrows.
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Figure 6.7: Dose dependence of optical density at 4700 Ä at
temperatures 80 °K, 300 °K and 470 °K. The ordinate for 80 °K (left 
hand side) has been displaced by 0.50.
weight to the earlier suggestion, section 6.3, that light is being lost 
by scattering in the heavily damaged crystals.
6.6 DAMAGE CONCENTRATION IN NaCl at 300 °K
Hollis [Ho 73a] applied equation (2.37), proposed by B0gh 
[Bf6 68] , to the results he obtained from the surface region. For room 
temperature he found that some 10% of the atoms were displaced from 
their lattice sites. A similar evaluation from the data reported here 
shows a damage concentration of 15%. Such an enormous proportion must 
certainly be an overestimate.
From the optical absorption measurements, the relative 
concentration of F-centres in the irradiated crystal was estimated to be
— o1.5x 10 at doses corresponding to the peak value of Xm^n* This is the 
same as the concentration found by Pooley [Po 66b].
Ozawa et at. [Oz 72], assuming that the observed 
represents a dechanneling integral, studied the derivative of
n
*nun for a
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specific value of y for different doses of 1.5 MeV protons on various 
alkali halideSo If it was assumed that dechanneling was due to single 
scattering processes, they deduced by means of equation (3.8), that the 
relative number of displaced atoms was about 50%. Similarly applying 
equation (3.10) for multiple scattering, they estimated the damage to be 
an order of magnitude less than for single scattering, but still an 
order higher than the F-centre concentration found by Pooley [Po 66b]0 
They remarked that the defects that induce dechanneling may not be 
optically observable, so the comparison with F-centre densities may not 
be valid. In this work the same equations were used, but the slope of 
Xmin was evaluated at the same depth for different doses, which avoids 
the assumption of a constant damage density throughout the crystal which 
was implicit in the way Ozawa et at. [Oz 72] applied the equations. For 
the dose at which ^  peaked the single and multiple scattering 
assumptions gave defect densities of 30% and 5% respectively. At higher 
doses x ^ n decreased and the calculated defect densities decreased 
almost proportionally.
In NaCl it is futile to perform calculations of the above 
types, because they assume that an unchanging mixture of defects is 
responsible for the dechanneling. It has been shown in the present work 
that Xm^n can decrease with increasing dose, because of a reordering of 
damage in the crystal.
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CHAPTER 7 
CONCLUSION
Considerable progress has been made in the last forty years in 
understanding the properties of and the relationships between defects in 
alkali halide crystals, in particular the F-centres and associated 
interstitials produced by ionizing radiation. Recently there has been 
considerable interest in the mechanisms for the production of radiation 
damage by heavy charged particles. In channeling measurements the same 
particle can be used to both create and monitor the damage. In NaCl and 
KC1, protons showed that the damage increased with increasing dose, 
whereas 1 MeV helium ions indicated an apparent reduction of damage at 
doses exceeding 5 X 1015 ions cm 2.
The main aim of this work was to elucidate this unexpected 
phenomenon by extending the earlier measurements to higher doses and to 
other alkali halides at several temperatures and dose-rates. To relate 
the channeling phenomenon to the better understood properties of alkali 
halides, simultaneous observations have been made of the yields of back- 
scattered particles, X-ray emission and F-centre absorption.
The non-radiative electron-hole recombination model and the 
saturation mechanism of F-centre production proposed by Pooley, coupled 
with the morphology of interstitial clusters in irradiated alkali 
halides established by Hobbs, Hughes and Pooley, have been associated 
with the evolution of the Xm^n Hose dependence. The peak in Xm^n occurs 
at a dose very close to that for the attainment of F-centre saturation, 
and the subsequent reduction in has been related to the reordering
of the complementary defects into interstitial dislocation loops. The 
differences between proton and helium irradiations are a consequence of 
the different rates of energy-loss; a bulk energy deposition of some 
1010 to 1011 Jm 3 is needed to achieve the saturation density of
F-centres.
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It has been found that the difficulty of creating damage, 
adjudged by the peak value of X^ and the dose at which it occurs, 
increases through the sequence LiF, NaCl, KC1 and KBr, The peak is 
barely noticeable for KI and is absent for NaBr. These observations are 
in accord with conclusions based on the energy available for the Pooley 
mechanism in alkali halide lattices.
I
For crystals in which the Pooley mechanism is not possible, 
radiation damage occurs at a much slower rate, presumably being 
initiated by direct atom-displacement. This slower process underlies 
the "peak" phenomenon, and at very high doses it becomes dominant.
In general, the X-ray emission follows the same trends as the 
yield of back-scattered particles, as would be expected if both involve 
close-encounter interactions between lattice ions and bombarding 
particles which have been dechanneled. However, for those alkali 
halides which display "peaking" in , the X-ray yields show coherent
violent spasmodic activity while Xm^n i-s decreasing. The X-ray 
intensity fluctuations are also seen when the damaging ions are 
penetrating in non-channeling directions. It could be associated with 
local re-arrangement of damage at the surface of the crystal. The 
effects are also seen in y / hut are very much smaller.
Quantitative interpretation of these investigations has been 
hampered by lack of depth resolution and correspondence of depths in the 
three types of measurement. The optical absorption measurements were 
restricted to a single wavelength so that studies of other colour 
centres were not made. To observe at several wavelengths simultaneously 
would increase the mechanical complexity of the equipment and 
disproportionately reduce the accuracy of information which could be 
recorded in time intervals commensurate with changes in defect densities. 
This restriction could have been relaxed if less damaging particles had 
been used. However, 1 MeV helium ions were chosen so that damage could 
be taken to a sufficiently high level and the studies completed in a 
reasonable time.
The relation between different types of defect and the 
channeling minimum yield, , is not yet well understood theoretically,
particularly for high levels of damage. From the experimental point of 
view, it is doubtful whether measurements of Xm^n only, by the back-
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Scattering technique when the same particles are used to create and 
respond to the damage, will be able to advance the understanding of the 
processes involved.
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